NEAR INFRARED FLUORESCENT OPTICAL LYMPHOGRAPHY

FOR CANCER DIAGNOSTICS

A Dissertation
by

JESSICA PEREA HOUSTON

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

December 2005

Major Subject: Chemical Engineering



NEAR INFRARED FLUORESCENT OPTICAL LYMPHOGRAPHY

FOR CANCER DIAGNOSTICS

A Dissertation
by

JESSICA PEREA HOUSTON

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY
Approved by:
Chair of Committee, Eva M. Sevick-Muraca
Committee Members, Mark T. Holtzapple

Chun Li

Gerard L. Coté
Head of Department, Kenneth R. Hall

December 2005

Major Subject: Chemical Engineering



iii

ABSTRACT

Near Infrared Fluorescent Optical Lymphography
for Cancer Diagnostics. (December 2005)
Jessica Perea Houston, B.S., New Mexico State University;
M.S., Texas A&M University

Chair of Advisory Committee: Dr. Eva M. Sevick-Muraca

A new molecular imaging modality has been developed to detect and locate
positive axillary and sentinel lymph nodes non-invasively in breast cancer patients
undergoing lymphoscintigraphy. The modality is based on fluorescent photon detection
to locate the presence of indocyanine green (ICG) in the lymph subsequent to
peritumoral injection of ICG into the breast. The imaging system consists of a gain-
modulated intensified charge-coupled device (ICCD) camera, which captures low-
intensity, near-infrared, and frequency-modulated photons. A four-fold ‘optical
lymphography’ study was conducted to (1) examine fluorescence depth penetration and
ICCD system accuracy at clinically relevant depths, (2) compare image quality of the
ICCD system vs. conventional gamma imaging, (3) measure ICG pharmacokinetics in
vivo, and (4) develop a clinical protocol while examining pre-clinical factors such as the
outcome of combining ICG with sulfur colloids used in lymphoscintigraphy.

The frequency-domain ICCD system was found to precisely detect modulation

amplitude, lac, and phase, 0, at depths up to 9 cm and with lac accuracy less than 20%

and O less than 2° using an 80-mW laser incident on phantoms having ranging tissue
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optical properties. Significant differences in the mean depth of penetration owing to
0.62-ns lifetime and 100-MHz frequency increases were detected.

An in vivo optical vs. nuclear image quality comparison demonstrated
statistically similar (a=0.05) target-to-background ratios for optical (1.4+/-0.3) and
nuclear (1.5+/-0.2). Alternatively, resulting image signal-to-noise ratios (SNR) from the
ICCD system were greater than that achieved with a conventional gamma camera
(Pvae<<0.01). Analysis of SNR versus contrast showed greater sensitivity of optical
over nuclear imaging for subcutaneous tumors.

In vivo and rapid detection of ICG in the blood-stream of nude mice was
accomplished with a home-built avalanche photodiode dynamic fluorescence
measurement system. Intensity data upon 1i.v. injection were regressed with a
pharmacokinetic model describing the partitioning of ICG from the blood to the
surrounding tissues. ICG blood-clearance was detected approximately 15 min after
injection.

Lastly, a human subject protocol was written, practiced, and federally approved
for the application of optical lymphography. Furthermore, ICG was unaffected when
mixed with sulfur colloids thus supporting the feasibility for combining fluorescence

imaging with lymphoscintigraphy in breast cancer patients.
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NOMENCLATURE
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melanoma tumor cells with a high expression of aVP3 integrin

melanoma tumor cells with a low expression of aV[33 integrin membrane

Abbreviations:
1-D one-dimensional
3-D three-dimensional
a.u. arbitrary unit
AC alternating current
A/D analog-to-digital
APD avalanche photodiode
car carotene
CCD charge-coupled device
CT computed tomography
Cw continuous wave
Cy Cyanine
DAQ data acquisition
DC direct current
DIUF deionized ultrafiltered
DLS dynamic light scattering
DTTCI  3,3'-diethlythiatricarbocyanine iodide
FACS fluorescence activated cell sorting
FAD flavin adenine dinucleotide
FDA Food and Drug Administration
FDPM frequency-domain photon migration
FFT fast Fourier transform
GPIP general purpose interface bus
HPPH hexylpyropheophorbide
HSA human serum albumin
ICCD intensified charge-coupled device
ICG indocyanine green
IDE investigational device exemption
IMAG imaginary
IND investigational new drug
IR infrared
kRGDf  lysine-arginine-glycine-aspartic acid-lysine
M21
membrane receptors
M21-L
receptors
Mab monoclonal antibody
MCAM  Siemens gamma camera
MCP multi-channel plate

MDACC

M. D. Anderson Cancer Center



Abbreviations continued:

MR magnetic resonance

NADH  nicotinamide adenine dinucleotide

NIR near-infrared

NT normal tissue

OD optical density

PASP sodium polyapspartate

PET positron emission tomography

PML Photon Migration Laboratories

RF radio frequency

REAL real component of imaginary function

ROI region of interest

ROIs regions of interest

SLN sentinel lymph node

SLNM sentinel lymph node mapping

SNR signal-to-noise ratio

SPECT  single photon emission computed tomography

TBR target-to-background ratio

TD time domain

TPSF time point spread function

WB whole body

WW317  cyclic peptide conjugated to '''Indium and IRDye800

WW307 cyclic peptide conjugated to IRDye800

WW396 two cyclic peptides (dimer) conjugated to IRDye800
English symbols:

c speed of light [m/sec]

C contrast

DS detector signal

D diffusion coefficient [cm]

f Fourier transform spectrum

FS fluorescent signal

g mean cosine of scattering angle

h Planck's constant [J*s]

1 imaginary number

I attenuated light intensity [a.u.]

I, incident light intensity [a.u.]

Iac amplitude of intensity-modulated light [a.u.]

Inc mean intensity of modulated light [a.u.]

k non-radiative relaxation rate [s™']

MS mixed signal

n refractive index

X



English symbols continued:

N number of samples in Fourier transform
PS projected signal
P probability
r position
t time [sec]
z depth position [cm]
Greek symbols:
o subunit of the membrane protein, integrin
B subunit of the membrane protein, integrin
€ Beer-Lambert extinction coefficient
) fluorescence quantum yield
0} photon fluence rate [W/cm?’]
r radiative relaxation rate [sec™']
A wavelength of light [nm]
La absorption coefficient [cm™]
amf absorption coefficient due to fluorophores at fluorescent emission
wavelength [cm™]
Waxf absorption coefficient due to fluorophores at excitation wavelength [cm™]
s scattering coefficient [cm™]
L' reduced scattering coefficient [cm™]
v frequency of light: speed of light divided by the wavelength of light [sec™']
0 phase of intensity-modulated light [°] or [rad]
c standard deviation
T average fluorophore lifetime [ns]
® angular frequency of intensity modulation [rad/sec]
Subscripts:
AC alternating current
DC direct current
inst instrument
m  fluorescent emission
nr  non-radiative
X excitation
Superscripts:
t target

b background
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1. INTRODUCTION

While present medical imaging modalities assess anatomical and morphological
changes of cancer due to tumor growth and regression, only nuclear medicine offers a
means for molecular imaging of cancer. Nuclear medicine is a non-invasive diagnostic
imaging tool which enables oncologists and researchers to not only identify the presence
of a tumor but also detect molecular signatures of cancer such as tumor metabolism,
hypoxia, proliferation, apoptosis, vasculature, and angiogenesis." Nuclear medicine is
the gold standard for molecular imaging of cancer and is achieved by injecting a
decaying radionuclide into the body. The radionuclide to be injected is typically bound
to a biological moiety that will have affinity toward or interaction with a molecular
target distinctly present at the disease site or abnormality that is to be detected. The
accumulation of the radionuclide permits the detection of localized radioactive decay
and projection of the detected signal into two-dimensional pictures portraying the
location of the cancer-specific radionuclide.

Nuclear medicine is clinically robust and involves sophisticated modalities such
as single photon emission computed tomography (SPECT) and positron emission
tomography (PET), yet there are several factors that limit its practicability. Nuclear
imaging requires injection of an ionizing form of radiation, gamma emissions, directly
into the body and the resulting slow extravasation of that radionuclide as it homes in on

the cancerous tissue. Moreover, the instrumentation sensitively detects decaying

This dissertation follows the style of Journal of Biomedical Optics.



radionuclides that are deeply seated within the body yet unfortunately, it is costly,
requires long integration times, has limited resolution, and suffers from poor signal-to-
noise and target-to-background ratios when compared to the fastest growing radiative

emission and molecular imaging technique, optical imaging.

1.1 Near-infrared Optical Imaging as a Molecular Imaging Tool

Optical imaging measures photon migration, the time-dependent transport of near
infrared (NIR) light within the body. Detection of NIR photons by optical techniques is
non-invasive and non-radiative dependent. That is, NIR photons are non-ionizing falling
within a much lower energy window (~ 0.001 to 10 eV) on the electromagnetic spectrum
than gamma emissions (~ 10° to 10’ eV). Except for the difference in radiation type,
optical imaging is similar to nuclear imaging because it relies on the injection of a
disease-specific moiety into the body for cancer localization and imaging. Typically,
optical imaging involves the injection of molecules that fluoresce in response to
excitation by an external light source. The fluorescent molecule is tagged with a
biological moiety that facilitates accumulation into the diseased tissue at the cancer cell
surface or interior. Upon externally exposing the tissue to an excitation light source
which penetrates the body and reaches the embedded fluorophore, fluorescence emission
occurs. In turn, the emitted light is externally detected by sensitive photon detectors, and
an image is produced portraying the location of the disease-specific fluorescent molecule.

In some instances, optical imaging may provide an improved means of molecular
imaging in relation to nuclear medicine. Optical imaging sensitivity is promising,

evidenced mainly by the fact that fluorescence is a repeatable process unlike radioactive



decay. Furthermore, optical imaging has a theoretical sensitivity that exceeds nuclear
imaging by several orders of magnitude; the number of radiative events per second
emitted by optical techniques is 10" times more abundant than the total emitted by
radionuclides. Section 5 discusses the comparison of radionuclide emissions and
fluorescence emission in more detail. Additionally, fluorescence-enhanced optical
imaging is able to detect femtomole® (10"°) quantities of fluorescent molecules, which
can lead to the detection of single clusters of cancer cells, unlike nuclear imaging, which
is limited by the quantity of contrast agent injected.

Currently, NIR fluorescence-enhanced optical imaging is under development for
the detection of breast cancer. With cancer-targeting fluorescent molecules, optical
techniques, like nuclear techniques, have the potential to identify breast tumors and
precancerous lesions for delineation and resection as well as detect cellular functions
that are important to the detection of breast cancer and assessment of breast cancer
therapies.  Fluorescence-enhanced imaging of the breast with disease-specific
fluorescent molecules is in its infancy having yet to be clinically translated. At the
Photon Migration Laboratories however, work toward fluorescence-enhanced imaging of
the breast has been heavily developing. Promising studies include tomographic
reconstructions of large breast-shaped phantoms® and molecular in vivo imaging on
breast cancer xenografts.” Thus, following the continued development of fluorescence-
enhanced photon migration for breast cancer detection, this thesis presents a human
subjects study to translate to the clinic fluorescence-enhanced optical imaging for

detection of breast cancer metastases. Accordingly, the aims are (i) the development of



a clinically robust fluorescence-enhanced optical imaging detection system, (ii) the
evaluation of imaging sensitivity in phantom models in comparison to simulations, (iii)
the assessment of optical imaging in relation to nuclear imaging using in vivo models, (iv)
the development of a measurement system to measure the kinetics of fluorophore in the
blood, and (v) the potential to detect fluorescence in breast cancer patients undergoing a

nuclear medicine procedure for the detection of cancer metastases in the lymph.

1.2 Significance for Cancer Staging by Sentinel Lymph Node Mapping in Breast Cancer

Patients

One of the current standards of care for determining metastasis of cancer is the
staging of the lymph nodes that surround the primary tumor. Because tumors lack
lymphatics, during growth drainage from the tumor occurs through the extravascular
space and into the regional lymph nodes, potentially enabling metastases. As a
prognostic indicator of metastases, the lymph nodes are resected and a histological
analysis can indicate if cancer cells have spread by lymphatic drainage. The sentinel
lymph node is the first lymph node to harbor tumor metastases. If the sentinel lymph
node is not positive, then it is unlikely that the downstream axillary nodes are positive.
Therefore, resection of the sentinel lymph node prevents morbidity associated with
resection of the axillary and surrounding lymph nodes, the previously accepted and
widely used method for cancer prognosis. Sentinel lymph node mapping (SLNM) has

5-8

been 91 to 100% effective in greater than 95% of patients,”” and has shown to

10

accurately predict axillary node status in 98% of all cases.” Sentinel lymph node



mapping is currently used for esophageal, lung, skin, endometrial, thyroid, and
colorectal cancers.'' ™"

Prior to extracting the sentinel lymph node, a majority of centers use a nuclear
medicine technique known as lymphoscintigraphy. Lymphoscintigraphy involves
injection of a radionuclide subcutaneously into the tumor-bearing breast. For SLNM the
radionuclide most often employed is technetium 99m, a gamma emitter with a 6-hour
half life. The technetium 99m is tagged with a filtered sulfur colloid, which aids
accumulation of the gamma-emitter into the lymphatic system and lymph nodes. Once
the sulfur-tagged radionuclide, or radiopharmaceutical, fully diffuses into the lymph
channels and lymph nodes, imaging is performed with a gamma camera. Based on the
lymphoscintigram, or nuclear image of the lymph, the surgeon may locate the sentinel
lymph node for resection the next day.

The surgical procedure generally involves two additional sentinel lymph node-
localization steps to identify where the node resides. Immediately before surgery, the
surgeon locates the source of radiation with a hand held gamma probe to detect "hot-
spots" over the skin. Additionally before surgery, a blue dye, isosulfan blue, which
quickly extravasates to the sentinel node, is peritumorally injected to help the surgeon
visually mark and locate the blue-colored node during surgical resection. The sentinel
lymph node is located with an increased accuracy when all three localization methods

(i.e., imaging, gamma probe, and blue-dye) are used.'*°



Yet the preoperative lymphoscintigraphy step, which should provide the location
of the sentinel lymph node, may instead provide false-negative results. It has been
reported that between 3 to 30% of sentinel lymph nodes are not detected by
lymphoscintigraphy but are detected surgically with the gamma probe, or blue dye.”'*
Several factors influencing this non-visualization are related to the inadequate drainage
of the radiopharmaceutical to the sentinel lymph node. The cause for poor drainage may
be due to (i) the age of the cancer patient and size of the breast--the sentinel node may
reside at depths >4 cm below the tissue surface, (ii) slow drainage of the technetium 99m
colloid through the lymphatic channels, (iii) disruption of drainage due to the presence
of scar tissue, (iv) low uptake of the technetium 99m colloid due to hyperplasia, (v) fatty
degeneration and gross metastasis, and (vi) changes in the physiologic integrity of the

2132 Tn addition, factors such as the size of colloid, injection site, injection

lymph node.
volume, and timing of the imaging scans are not standardized thus contribute to failed
SLNM procedures.” **?%3* In fact, a few studies suggest that due to the overall failure
to detect the sentinel lymph node, weighted by the cost and time required to perform the
procedure, lymphoscintigraphy may not be required altogether.”* *

In light of the difficulties of nuclear techniques, many imaging modalities are
developing to map the lymph channels. Table 1.1 outlines the current modalities studied
for lymphatic mapping in addition to nuclear medicine techniques. The imaging systems
loosely include: (i) magnetic resonance imaging (MRI) with gadolinium or iron oxide

particle enhancement, (ii) x-ray imaging and x-ray computed tomography (CT) with

iodine enhancement, (iii) acoustic imaging with gas-filled microsphere enhancement,



and (iv) optical imaging with endogenous chromophores, fluorescent molecules or
inorganic quantum dot particles. Some of the recent examples using magnetic resonance
imaging include visualization of lymphatic drainage in dog legs based on a
gadopentetate dimeglumine contrast agent’® and visualization of the entire mouse
lymphatic system using dendrimer-tagged PAMAM-GS8 gadolinium.’’ X-ray imaging
examples with contrast enhancement are less common, however recent studies have
involved radiograph lymphography for the mapping of the lymph in rabbits with iodine-
based contrast enhancement™ and computed tomography of the sentinel node in the
breast with an iodinated contrast agent.® A recent study involving acoustic techniques
employed sub-micron microspheres containing gas to detect sentinel lymph nodes in
Vivo using a canine model.** Because contrast agents for ultrasound imaging are still
developing, acoustic applications for lymphatic imaging are limited to invasive
laparoscopic ultrasound procedures as in the gastrointestinal tumor staging study by

Gretschel et al.*!

Table 1.1 Lists of different imaging modalities that have been developed to visualize the
lymphatic system for cancer staging.

Imaging Modality for Lymphatic Mapping

Nuclear Lymphoscintigraphy:
Gamma camera, SPECT, or PET imaging with radiopharmaceutcals tagged with colloid.
MR Lymphography:
Magnetic resonance imaging with gadolinium contrast enhancement.
CT Lymphography:
X-ray computed tomography images with enhancement typically with iodine.
Lymphangiography:
Simple radiograph images are obtained with iodine-based enhancement.
Acoustical Lymphography:
Ultrasound-based imaging using gas-filled microspheres or invasive laparoscopes.
Optical Lymphography:
Fluorescence optical imaging with chromophores, fluorophores or quantum dots.




Among these various lymphography studies, "optical lymphography" has
emerged promisingly. Optical imaging of the lymphatics involves the visualization of
the lymph channels and sentinel lymph nodes with optical photon detectors and visible-
to-infrared light sources. Some examples of lymph node detection using optical imaging
involve contrast enhancement with endogenous chromophores as well as fluorescent
agents such as indocyanine green (ICG), fluorescein isothiocyanate (FITC), Cyanine 5.5
(Cy5.5) and quantum dots. Recent examples of metastatic sentinel lymph node detection
with ICG involve invasive fluorescence detection with electronic endoscopes, which

- - 42,4
were used on gastric cancer patients.””

ICG has also been employed as a dye for
visual demarcation of the sentinel node, similar to isosulfan blue.*** FITC has been
used in vivo for fluorescence microlymphography on systemic sclerosis patients; FITC
was injected into the hand to image the skin's lymphatic capillaries. 46, 47
Microlymphography has also been performed in mice for intra-tumor lymph imaging

and detection of lymphangiogenesis and hyperplasia.**°

In a separate ex vivo study,
fluorescence from endogenous chromophores in corelectal cancer specimens permitted
differentiation between metastatic and normal lymph nodes.”’ Otherwise, most larger-
area non-invasive optical imaging contrast-enhanced studies have been performed in
small or large animals. Reynolds et al.”* and Gurfinkel et al.” were first to image cancer
progression in vivo from canine mammary tumors with hexylpyropheophorbide-carotene

and indocyanine green enhancement. Frangioni and coworkers have performed several

studies involving ICG or quantum dots to image the lymph nodes intraoperatively or



prior to surgery in pigs, rats, and mice.”*”® A more recent study injected a protected graft

copolymer-Cyanine 5.5 into nude mice for axillary lymph node detection.™

1.3 Organization of Dissertation

It is apparent by the several studies performed in animals as well as the limited
studies in humans, that optical lymphography may greatly enhance lymph node
visualization. In light of those promising results, this work aims to develop a robust
fluorescence imaging system for sentinel lymph node mapping and thus close the bench-
to-bedside gap that exists for fluorescence-enhanced optical imaging systems. Therefore,
this dissertation provides the framework required to accomplish a federally approved
clinical trial in which sentinel lymph node mapping is to be performed using an injected
fluorescent contrast agent. The organization of this dissertation thus falls into three
central phases to accomplish this goal: (i) imaging in phantoms, (ii) imaging in small
animals with nuclear and optical comparison, and (ii) the development for imaging in

patients. Figure 1.1 provides a flow chart of the organization.



SECTION 1.

1
i Motivation of fluorescence-enhanced optical imaging for molecular
I detection of cancer

1
:Materials for phantom, small animal, and clinical fluorescence-enhanced

e optical imaging !

\

SECTION 4.

1 1
1

' Studies on the propagation depth of fluorescence-enhanced optical !

1 . . . . . .

I imaging using model predictions and phantom experiments !

1 1
. - - . . . . I

i Studies on in vivo fluorescence-enhanced optical imaging in small !

[} .

I animals !

iStudies on applying ﬂuorescence-enhanced. optical imaging for sentineli
I lymph node mapping !

\

SECTION 7.

Figure 1.1 Organization of dissertation.

10



11

2. BACKGROUND

To preface the importance of the translation of optical imaging to the clinic, a
complete summary is provided below describing fluorescence-enhanced optical imaging
development to-date. Section 2 provides an overview on the development of optical
contrast agents, a general description of fluorescence-enhanced photon migration, time-
resolved imaging, optical imaging measurement methods and geometries, and models

which describe the propagation of fluorescent light within scattering media.

2.1 Fluorescence Photon Migration Theory

Photon migration relies on the deep penetration of near-infrared light within the
optical wavelength window of approximately 700-900 nm. Within the NIR wavelength
range, blood, melanin, and water have minimal absorption. Figure 2.1 is a
reproduction® of the absorbance spectra for oxy- and deoxy-hemoglobin, melanin, and
water, showing absorption changes across the visible and infrared spectrum. Owing to
the low absorption by blood, melanin, and water, NIR light has the potential to penetrate
the skin deeply and scatter several centimeters into tissues. The application of photon
migration involves penetrating the NIR light source onto the tissue surface for
propagation within the body. The NIR light multiply scatters and minimally absorbs,
and upon re-emission at the tissue surface is collected for measurements of intensity and

time of NIR light propagation.
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Figure 2.1 Absorbance spectra of tissue with a shaded region to indicate the wavelength
range of the NIR imaging window. Adapted from Lim and Soter.*

Tissue absorption and scattering properties, or tissue optical properties, are
ultimately extracted from NIR photon migration measurements for the discrimination
between normal and diseased tissue. The optical properties of tissue are characterized in
terms of scattering and absorption probabilities. The probability for NIR light
absorption is defined as the absorption coefficient, p, [cm™]. Similarly, the probability
for diffuse NIR light scattering is defined as the reduced scattering coefficient, p' [cm™].
The absorption coefficient and reduced scattering coefficient are proportional to
hemoglobin concentrations, water, and fat content, thus tissue heterogeneity caused by

spatial changes in blood, water, and fat content cause perturbations in p, and ' values.
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Photon migration measurements that exploit changes in p, and p' due to blood, fat, and
water content utilize endogenous chromophore contrast within the tissue. Endogenous
photon migration measurements are widely studied for breast cancer. Recent work
involves studies on the intact breast for the delineation of tumors,“'63 determination of

64-69

tumor and normal tissue oxygenation levels, and tomographic reconstruction of > 1-

cm-sized tumors.”*”

Alternatively, exogenous fluorophores that fluoresce in the NIR provide greater
contrast than is possible with endogenous contrast or with exogenously elevated levels
of absorption and scattering when time-dependent methods are employed.”® 7’
Exogenous fluorophores may be introduced into the tissue by injection, and accordingly
the NIR light incident on the tissue surface will scatter and absorb until reaching the NIR
fluorophore embedded within. Upon absorption of the NIR light, the fluorophore will
become excited and in turn, radiatively relax. The fluorescence process occurs with
molecules having several conjugated double bonds allowing for free excitation of the de-
localized electrons. The fluorescence process is best described in terms of the electronic
and vibrational state of the fluorescing molecule. The simplest fluorescence process
occurs when light of a specific energy, hv, [eV], is absorbed by a molecule residing at
equilibrium in a ground state, S,. The molecule, upon absorption of the photon’s energy,
is subsequently excited to a higher electronic energy level. Fluorescence occurs when
the molecule radiatively relaxes, releasing the energy, hv, [eV], required for it to return
back to its ground state. The energy of a photon is described by Planck’s constant,

h=4.13x10"° [eV's], and by the photon's speed and wavelength whereby
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. 3%x10° r%

~ wavelength of light [m]

The energy released is lower than the energy absorbed;

therefore the emitted photon wavelength is longer than the excitation photon wavelength.
In addition to radiative emission, the molecule’s return to the ground state can occur in a
non-irradiative manner through the release of thermal energy. Figure 2.2 is a Jablonski
diagram that illustrates the process of excitation and relaxation. The ratio of the number
of photons emitted to the number absorbed is the fluorescence quantum yield, ¢, which
is governed by the rate constants, I" and k. The rate constants, I" and k refer to the rate of

radiative and non-radiative relaxation, respectively.

r

¢=F+k

2.1)

Similarly, the fluorophore lifetime, t, which is typically on the order of 10® seconds, is
described by the average time the molecule spends in its excited state and is
mathematically shown as:

1

Tk 2.2)

T

The lifetime of the fluorophore, as will be presented later in Section 4, is significant to
photon migration measurements of light that has scattered greater than 1 cm, and like the
optical properties, p, and pg’, lifetime can be the parameter on which tomographic

reconstruction is based.”
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Figure 2.2 Jablonski diagram illustrating radiative and non-radiative photon relaxation.
Adapted from Lakowicz.”

2.2 Fluorescence Measurement Methods

Methods of measuring fluorescence-enhanced photon migration include both
steady-state and time-resolved techniques. Steady-state, or continuous wave (CW)
imaging involves capturing the fluorescent signal after excitation by a steady and
continuous source of NIR light. CW imaging is a time-invariant method of photon
migration in that the measurements at the tissue surface provide no information
regarding how long the photons have migrated and what path-lengths they have taken as
they randomly scatter within tissue. Time-domain and frequency-domain measurements
not only collect the magnitude of the emitted fluorescent wave, but also photon time-of-
flight characteristics which relate to both the tissue optical properties and decay kinetics
of the fluorophore (t and ¢). Time-domain methods are typically performed by exciting

the tissue with picosecond pulses of light and gating the detector to capture early
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arriving photons that travel to the tissue surface within short windows of time, or

performing single photon counting or streak camera measurements. Frequency-domain

techniques include modulating the excitation light at a radio frequency (RF) and

collecting the emitted and modulated fluorescent light at the tissue surface. The emitted

light is a photon density wave that is modulated at the same frequency of the excitation

wave, however dampened in amplitude, Iac, and shifted in phase, 6, owing to optical

property changes and fluorescence decay kinetics. Figure 2.3 illustrates the frequency-

domain concept in which a modulated emission photon density wave is plotted to

demonstrate its attenuation relative to a modulated excitation photon density wave.

Intensity

phase
amplitude , ghift

attenuation

Modulated NIR
excitation light

ad\V

Modulated NIR emission}light

Time (ns)

Figure 2.3 Illustration of frequency domain photon migration. The red emission wave is
dampened in amplitude and shifted in phase relative to the blue excitation wave.
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2.3 Fluorescence Photon Migration Model

Fluorescence-enhanced  frequency-domain  photon  migration can be
mathematically described using a first-order approximation to the radiative transport

equation, the diffusion equation:
DVzd)(r,a))Jr(—ya +|ijd)(r,a)):—8(r,a)) 23)

The diffusion equation describes the fluence, ® [W/cm?], or angle integrated flux, of

photons at a position, r, and modulating at a frequency, . Other diffusion dependent

terms in this equation are D, the diffusion coefficient, D:[3(,ua+ n )T [cm]; pa, the

absorption coefficient [cm™']; ps' [em™], the reduced scattering coefficient; ¢, the speed
of light [cm/s]; the imaginary unit i,~/~1; and S, the total power of the incident photons
[W/cm?]. This equation can be likened to an energy balance of photons in which the
first term represents the diffusive flow of photons in and out of the volume, the second
term represents the dampening of the diffuse photon density wave due to absorption, and
the source term at the right side of the equation is a generation term. Solutions to this
equation can either be obtained using appropriate analytical approximations, or
numerically through finite-element or finite-difference schemes. Solving the diffusion
equation with known optical properties to obtain the fluence is typically referred to as
forward modeling; this is in opposition to tomographic reconstructions, which are
inversion schemes that use the value of @, to iteratively obtain values of 1, W, or L .

For a fluorescing system, photon migration occurs at two separate wavelengths,

the excitation and emission wavelength. Therefore the diffusion equation can be
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described for the propagation of photons at a unique wavelength. The equations below
are modified with nomenclature identifying photon diffusion at the excitation and

emission wavelength:

DXVZCDX (r’a))_'_(/uax +I?a)jq)x (r’a)) = _SX (r’a)) (24)

D, VD, (r,a))+(yam +|?a>j®m (r,w)=-S,(r,0) (2.5)

where the subscript X represents photons at the excitation wavelength and the subscript m
represents photons at the emission wavelength. Accordingly pay [cm™] represents the
absorption coefficient at the excitation wavelength, which is the sum of pu; [cm'l] and
Lar [cm™], the absorption coefficients owing to non-fluorescing chromophores and
fluorophores, respectively. Conversely, pam [cm™ ] represents the total photon absorption
at the emission wavelength. The diffusion coefficient, which was defined previously also
depends on the excitation wavelength denoted by Dy and the emission wavelength
denoted by Dn. Sy (r,m) is the excitation source term, which is equivalent to 1, for a
sinusoidally modulated wave at frequency ®, and Sy (I,®) is the emission source term
due to the generation of fluorescent photons based on the excitation fluence weighted by
single exponential fluorescence decay. The emission source term is given in Equation
2.6.

_¢/uaxf

~Sa(r@)= l-iwr

o, (r,0) (2.6)

Single exponential fluorescence decay, which is incorporated into the emission

source term above is obtained via a Fourier transform of the time-dependent first-order
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decay kinetic expression,” %exp(——j, describing emitted light intensity following
T T

an incident pulse of excitation light at time, t.

In addition to the frequency-domain diffusion equation, a time-domain
representation can be described at the excitation and emission wavelengths. Equation
2.7 represents the general time domain diffusion equation with the photon fluence,
o [W/cmz], expressed at position, I, and time, t.

oD (r,t)

o —DV?O(r,t)+ 1,®(r,t)=S(r,t) (2.7)

1
c

2.4 Fluorescence Measurement Geometries

Fluorescence-enhanced photon migration measurements can be accomplished by
either of two measurement geometries and through a combination of data collection
schemes. The geometries include reflectance imaging, which is the penetration of light
and collection of light over the same surface, or trans-illumination imaging, which is the
penetration of light and collection of light over different surfaces. Figure 2.4 is an
illustration of the two imaging geometries. Clinically, the most feasible geometry for
optical lymphography in the breast region is reflectance imaging. Reflectance imaging

can be accomplished by data collection at a single point’® *

or over a large surface
area.”"® Optical imaging studies that involve small animals generally employ partial or
whole-body illumination of planar excitation light whereas tomographic studies involve

sequential excitation illumination from single point sources with fiber optic probes.

Regardless of the method employed, the complexity of adapting point illumination and
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point collection measurements over large areas associated with clinically relevant
volumes restricts the translation to in vivo measurements. For example, Culver et al.
recently demonstrated tomographic reconstruction of p, from in vivo transmission
measurements acquired on a human breast.*> Yet to obtain adequate signal the breast
was not only physically compressed between two parallel plates to 10 cm in width but
also held for long times so that source illumination could occur in tandem through a
series of 45 fibers arranged 9 fibers x 5 fibers on an illumination lattice. To prevent the
collection of sparse data sets across a spatially large area, photon migration
measurements with fiber optic point illumination such as that designed by Culver et al.,
must be raster scanned across the tissue surface. Planar illumination in a reflectance
geometry does not require contact with the tissue surface nor breast compression.
Additionally, planar illumination covers a much larger area such as several centimeters

as opposed to point illumination which is limited to several millimeters.
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Reflectance imaging

Trans-illumination imaging

detector

Figure 2.4 Illustration of reflectance (top) and trans-illumination imaging (bottom)
geometries. In reflectance imaging the laser is incident on the same tissue surface that
detection occurs and in trans-illumination imaging the detector is on a different tissue

surface then the incident laser beam.

2.5 Contrast Agents for Fluorescence FDPM Imaging

Design and synthesis of fluorescent and other optical contrast agents has rapidly
grown over the past several years. Fluorophores, quantum dots, nanoparticles, proteins,
and bioluminescent enzymes are four of the common optical contrast agents exploited
for in vivo optical imaging. Although any contrast agent that emits photons is promising
because of the simplicity in the detection system, fluorophores are the closest to clinical

translation; they have organic chemical structures that are versatile, enabling conjugation
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to a number of delivery vehicles, are small enough to rapidly wash through the
bloodstream, and may be detected at extremely low concentrations.

Overall, the recent flood of optical imaging studies exemplifies the ease with
which optical imaging can be applied using fluorophores or other contrast agents. In
general, contrast agent studies may be categorized into the following methods: (i)
injection of an exogenous fluorophore molecule into the body that is non-specific or
disease-specific; (ii) injection of an inorganic nano-particle into the body that is non-
specific or disease-specific; (iii) detection of endogenous fluorophores in the body that
are non-specific or disease-specific; (iv) creation of disease-specific “endogenous”
fluorophores by transforming the body's diseased cells, or cells on which imaging is
desired, with a gene that translates into an fluorescent protein; and (v) creation of
disease-specific luminescence by transforming the body's diseased cells, or cells on
which imaging is desired, with a gene that translates into a enzyme that catalyzes an
oxidation reaction of an injected substrate to produce photons. Although not
comprehensive to all five aforementioned mechanisms, Table 2.1 provides a cumulative
summary of fluorescence-enhanced optical imaging studies based on in vivo imaging in
small animals with optical systems that are continuous wave, time-resolved, or intensity-
based. The following sections provide examples of the six mechanisms for contrast-

enhanced imaging.



Table 2.1 Chronological listing of fluorescent contrast agent studies on small animals in vivo.

Author Imaging system Animal Dose Contrast Agent Excitation/ Overview
(incident fluence) Model Emission A
Biolo Spectrograph for point ~ Mouse 0.12 mg/kg bw ZnPc (Zinc 600 nm Study was to provide
etal. detection of ~0.24 ymol/ kg ~ Phthalocyanine) in measurements for assessing
(1991)* fluorescence following bw liposomes, spectral pharmacokinetics of photo
surface illumination detection of dynamic therapy (PDT) agent.
fluorescence at A
Pelegrin Area illumination with ~ Mouse, 100 pg/ animal Fluorescein 488 nm Study the localization of dye
etal. area (133 mW/cm®) deceased  ~600 pmol/ kg isothiocyanate Kodak Wratten targeted to human colon
(1991)® detection using bw (FITC) coupled to filter #12 for carconoma in mice after
photography monoclonal excitation light coupling to MAD.
antibody (MADb) rejection
Straight Interstitial illumination =~ Mouse 20 mg/kg bw Photofrin II 514.5/, spectral This study validated the CCD
et al. (20 mW) with area ~70 umol/ kg discrimination technology for imaging drug
(1991)% detection using charge- bw 585-730 nm distribution in tumors.
coupled device (CCD)
camera
Folli Fiber through Human 0.1-0.28 mg/ Fluorescein 488 nm Study immunophotodiagnosis
et al. endoscope illumination patient ~0.1nmol isothiocyanate Kodak Wratten in colon carcinoma patients.
(1992) (10 mW/cm?) with area to 0.28 nmol/ (FITC) coupled to filter #12 for
detection using patient M Ab excitation light
photography rejection
Cubeddu Area illumination (75 Mouse 5-25 mg/kg bw HpD 405nm/>560 nm Demonstrated the use of time-
etal uW/em?) with pulsed ~17-87 umol/ kg  (hematoporphyrin dependent measurements to
(1993,1997)*  dye laser with gated bw and 0.1 derivative) identify HpD distinct from
® CCD video camera mg/kg ~0.35 native fluorescence based upon
umol/ kg bw long fluorescent lifetimes.
Kohl Area detection with Mouse 0.2-1 mg/kg Porphyrin-based 405 nm-650 nm  Measured fluorescence contrast
et al. gated intensified CCD bw0.7-.5 pmol/ photosensitizers excitation changes between tumor and
(1993) and area illumination spectra normal tissue with delayed laser
with pulsed Nd:YAG pulse relative to a gated image

laser at 60-80mJ

intensifier.

€



Table 2.1 Continued.

Author Imaging system Animal Dose Contrast Agent Excitation/ Overview
(incident fluence) Model Emission A
Folli Area illumination with Mouse, 100 ng/ Indopentamethine- 640 nm Showed the ability to detect
et al. area (13 mW/cm?) deceased animal ~600 cyanine coupled to Kodak Wratten indocyanine dye targeted to
(1994)”! detection using pmol/ kg bw*  MADb directed against filter 70 for squamous cell carcinoma in
photography squamous cell excitation light the upper respiratory tract
carcinoma; rejection through MAb E48 without the
need to remove skin as was
necessary when fluorescein
was employed.
Haglund Area illumination Rat 1.0 mg/kg bw Indocyanine green 780 nm / 830nm Distinguish rat gliomas from
etal (100-W tungsten- 1.3 umol/kg normal brain tissue through
(1994) halogen bulb) and area bw free-agent fluorophore
detection with CCD. imaging with CCD camera.
Mordon Area illumination Mouse 5 mg/kg bw 5,6-CF 465 nm/490 and This study showed the use of
et al. (150W Xenon lamp, (~13 pmol) carboxyfluorescein 515 nm dual wavelength measurements
(1994)” 2.5 mW/cm?) with (BCECF) of a ratiometric dye to provide
area detection using a two-dimensional pH image of
intensified CCD tumor tissues.

Ballou Area illumination with Mouse 10-100 ng/ Cyanine 550-674 Demonstrated the use of
etal. area detection using animal fluorochromes nm/565-694 nm tumor-targeting antibodies
(1995)* intensified video ~40 pmol to 6 coupled to MADb using Cy 3.18, Cy 5.18, and Cy

camera, or cooled nmol/ animal 5.5.18 cyanine fluorochromes.
CCD
Devoisselle Area (50mm’) Mouse 7.5 mg/kg bw Indocyanine green 720 nm/ spectra Demonstrated the use of
etal. illumination (Xe lamp) ~10 pmol/ kg emulsion discrimination emulsion preparation to alter the
(1995)” with point detection bw of fluorescence pharmacokinetics of ICG.
using fiber to
spectrograph
Rokahr N; laser pulsed Human 50 mg/ patient Protoporphyrin IX 337 and 405/ Descriminate malignant and
et al. through fiber (urinary (Aminolaevulinic 380 through 685  normal bladder tissue with ALA
(1995) and detected with fiber bladder acid, ALA, induces spectral induced protoporhyrin imaging.
____________________________________________________________________ to spectrometer _cytoscopy) fluorescence) descrimination

144



Table 2.1 Continued.

Author Imaging system Animal Dose Contrast Agent Excitation/ Overview
(incident fluence) Model Emission A
Haglund Area illumination Human 1 mg/ kg bw Indocyanine green 790/805 nm Study detection of human
et al. with photography (open ~1.3mmol / kg glioma with ICG imaging.
(1996)° lights and area brain) bw
detection with CCD
camera
Sakatani, Cooled CCD Rat 554 ICG-lipoprotein 790 nm/840 nm  Cerebrospinal imaging with ICG
etal. camera, 100 mW picomoles/rat bound to lipoprotein, injected
_________________ (197" laser diode intra-cranially.
Neri 100W Tungsten Mouse 100 pl/mouse Fragments of human 673-748 Demonstrated the use of B-FN
(1997)” lamp for area ofa antibodies directed nm/765-855 nm targeting for providing
illumination with concentrated against oncofetal diagnostic imaging and therapy
detection via an 8- antibody fibronectin (B-FN) and of cancer targeting angiogenic
bit CCD in a light solution of 1 labeled with CY-7 vessels.
tight box. mg/ml with 1:1
____________________________________________________________________ dye:Mab ratio
Ballou Area illumination Mouse 50 pg /animal Cy3, Cy5, Cy5.5, Cy7 Results demonstrated the ability
etal. and area detection Mab:dye (1:2) labeled Ab against to penetrate more deeply with
(1998)'%° via CCD ~600 pmol/ human nucleolin and Cy 7 dye.
animal stage-specific
] ] embryonic antigen-1
Fiber for excitation Human 5 mg/kg bw ~30  Protoporphyrn IX, as a 337, 405, 436 Demonstrated ALA as a contrast
etal. and collection in a nmol/ kg bw metabolized product of nm excitation agent for detecting adenomatous
(1999)'! colonscope for ALA (photosensitizer) polyps of the colon with
detection via a promise for distinguishing
spectrometer adenomatous from hyperplastic
polyps.
Reynolds Laser area Canine 1.0 mg/kg bw Indocyanine green 780 nm/830 nm Demonstrated the ability to
et al. illumination (1 ~1.3 umol/ kg detect spontaneous disease of
(1999)* mW/ cm?) ; bw the canine mammary chain as
intensified CCD well as reactive lymph nodes.

Y4



Table 2.1 Continued.

Author Imaging system Animal Dose Contrast Agent Excitation/ Overview
(incident fluence) Model Emission A
Becker Area illumination 2 umol/kg bw  Indotricarbocyanine and Demonstrated targeting of
etal. and area detection Mouse (1:2.4 or 2 for ultrasmall tumors which express the
(1999)' with CCD and transferrin or superparamagnetic iron transferrin receptor using an
magnetic resonance HSA) oxide particles coupled optical agent as well as an MRI
imaging (MRI) to transferrin or HSA agent.
Weissleder Area illumination Mouse  10umol/ animal ~ Cy 5.5. loaded onto a 610-650 Demonstrated that tumor
etal. and area detection (92 polylysine and nm/>700 nm proteases can be used as
(1999);'% using CCD ina methoxypoly- methoxypolyethylene molecular targets
Mahmood light tight chamber; ethyleneglycol glycol polymer SNR for 30 second exposure
etal. illumination with (MPEG), 11 backbone with cathepsin 173 for 200 pmol in phantom.
(1999)'* 150 W halogen dye molecules); B, D, and H-cleavage
Tung lamp with 2.5 nmol and sites.
et al. interference filters, 250 picomoles/
(2000)'% 10-100 pW/cm? animal
Becker Area illumination Mouse 2 umol/kg bw Transferrin and human 740 nm/ 780- Demonstrating targeting to the
etal. and area detection serum albumin coupled 900 nm tumors expressing transferrin
(2000)' with CCD with indotricarbocyanine receptor.
dye
Gurfinkel Area illumination Canine 1.1 and 1.0 mg/ ICG and carotene- 780 nm/830 nm Demonstrated the use of
etal. (1.98 and 5.5 kg bw modified PDT agent (ICG) temporal AC measurements to
(2000)* mW/cm?) and area ~1.3 umol/kg  (hexylpyropheophorbide 660 nm/ 710 nm image pharmacokinetic
detection using bw conjugated with (HPPH-car) parameters in order to discern
intensified FDPM carotene moiety) for diseased tissues.
CCD system reduction of
phototoxicity
Licha Single point Rat 0.5 umol/kg bw Derivatives of ICG 746-780 nm/ Provided measurements of
et al. detection and point (unclear whether 780-830 nm
(2000)""’ illumination (5

mW) using FDPM

fluorescence was
detected in vivo).

absorption at the excitation
wavelength as a function of time
to provide pharmacokinetic
evaluation of ICG and it
hydrophilic derivatives.

9¢



Table 2.1 Continued.

Author Imaging system Animal Dose Contrast Agent Excitation/ Overview
(incident fluence) Model Emission A
Yang Area illumination Mouse - Green fluorescent Demonstrated visualization of
et al. and detection using protein (GFP) tumors and tumor metastasis by
(2000)"® CCD camera expressed in vivo whole body fluorescence
Hoffman imaging.
et. al.
(2001)
Ntzachristos Fiber bundle to Human  0.25 mg/ kg bw Indocyanine green Fluorescence was not used, but
et al. PMT using time- (breast)  ~0.32 umol/ kg absorption provided contrast
(2000)™ domain photon bw which was validated by
migration, point simultaneous MRI images
illumination and obtained with gadolinium
point detection contrast.
Cubeddu Area illumination Mouse 2.5 and 5 mg/kg Aluminum 660-690 Measuring photodynamic therapy
etal. (50 pW/cm?) and bw phthalocyanine nm/720 nm effects with fluorescence images
(2000)'* area detection through intensity changes.
using CCD camera
Bugaj Area illumination Rat 5.2-6.0 mg/ kg ICG, ICG-small peptide 780 nm/830 nm Targeting to rat tumor lines
et al. (40 mW) and area bw conjugates cytate and expressing the somatostatin and
(2001);'"? detection using ~6.7-7.7 pmol/ cybesin bombesin receptors.
Achilefu CCD camera kg bw
etal.
(2000 and
2001)111, 112
Becker Area illumination Mouse 0.02 umol/kg Peptide-cyanine dye 740nm/,780-900 Targeting to mouse tumor lines
et al. and detection using bw indodicarbocyanine nm expressing the somatostatin
(2000 and CCD camera (IDCC) and receptor and /or vasoactive
2001)! 14 indotricarbocyanine intestinal peptide (VIP); and the
Licha (ITCC) conjugated to description of synthesis of the
et al. octreotate & octreotide dye to the peptide, octreotide.
(2001)'"

LT



Table 2.1 Continued.

Author Imaging system Animal Dose Contrast Agent Excitation/ Overview
(incident fluence) Model Emission A
Balas Multispectral Human unknown dose Acetic acid multi-spectral/ Imaging the cervix by measuring
(2001)''° imaging system250- 525-nm the reflection using cross-
W halogen polarizers on the source and
illumination by a detector. Descrimination
fiberoptic bundle between cancer and normal tissue
ring and area is observed after topical
detection with a application of acetic acid on the
.................................................................... CCD Camera tlssue
Bremer. Area illumination Mouse 167 pmol/ Polylysine polymer 610-650 Measure matrix
et al. and area detection animal, i.v, coupled with matrix nm/>700 nm metalloproteinase activity in
(2001)'"7 using CCD in a metalloproteinase vivo for directing the
light tight chamber; (MMP)-2 peptide therapeutic use of proteinase
illumination with substrates holding inhibitors.
150 W halogen Cy5.5
lamp with
interference filters,
____________________________________________________________________ 10-100 pW/em®
Ebert Area illumination Rat 2 umol/kg bw, SIDAG (hydrophilic 740 nm, 3 ns Demonstrated localization of
etal. with pulsed laser iv. cyanine dye derivative), FWHM, tumor and presented phantom
(2001)''® and detection using 1-1’-bis-(4-sulfbutyl) 50Hz/750-800 data using FDPM with contrast
CCD camera indotricarbocyanine nm ratios of 6:1.
(ambient light 5,5’-dicarboxylic acid
rejection) diglucamide
monosodium salt;
____________________________________________________________________ Nd:Yag,
Finlay Fiber probe point Rat 200 mg/ kgbw  ALA induced porphryn 514 nm /676 nm  Photobleaching kinetics of ALA
et al. illumination, point (ALA injected) emission induced protoporphyrin
(2001)'" detection with fibers measured.
directed to CCD
spectrograph

8¢C



Table 2.1 Continued.

Author Imaging system Animal Dose Contrast Agent Excitation/ Overview
(incident fluence) Model Emission A
Rice Area detection of Mouse Biolumine- Firefly luciferase >600 nm Imaging light emitting
et al. light-emitting scence of emission probes.
(2001)'%° probes with CCD fluorescent
____________________________________________________________________ proteins
Soukous Area illumination Hamster 670 ug /animal ~ Anti-epidermal growth 670 nm/ >700 Demonstrated the targeted Mab-
etal. using pumped dye ~3.3 nmol/ kg factor receptor (EGFR) nm dye complex in cheek pouch
(2001)"! laser (15 mW/cm?) bw* MAD (C225) coupled to tumor could be used to provide
and detection using Cy5.5(1:2.1) immunophotodiagnostic
room temperature IgG-Cy5.5 (1:2.3) information thereby guiding
CCD camera therapeutic intervention.
Yang Single pixel FDPM Rat 1.5 mg/ kg bw Indocyanine green and Work towards demonstration of
etal. using point source ~2 umol/ kg bw  diethyltricarbocyanine fluorescence imaging in vivo.
(2000 and point detector idodie (DTTCI)
Boehm Single pixel using Mouse 2 mmol/kg bw Near infrared (NIR) 775 nm/ Measure absorption profile in
et al. multiple point and 96010 790 nm whole mouse to delineate tumor
(2001)'* multiple detector ICG derivative; bis- and test the prototype
with fiber to 1,1’-(4-sulfobutyl)- mammography scanner. ICG
Siemens prototype indotricarbocyanin) derivative used for optimum
laser photophysical and
mammography pharmacological properties.
scanner
.................................................................... spectrometer
Zaheer 150-W halogen Mouse 2.6 nanomoles/ IR Dye78 conjugated to 771 nm/ A comparison of MRI and
et al. area illumination animal pamidronate 796 nm nuclear imaging to optical
(2001)'** [18mW/cm?] with fluorescence imaging through

band pass filters
and area collection
by Roper CCD
Camera

the detection of osteoblastic
activity in vivo by conjugation
of a bisphosphonate to a
radionucleotide and fluorophore.
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Table 2.1 Continued.

Author Imaging system Animal Dose Contrast Agent Excitation/ Overview
(incident fluence) Model Emission A
Chen Imaging system Mouse 5 nmol/ animal Cy 5.5. loaded onto a 610-650 nm/ Imaging of atherosclerosis
et al. similar to polylysine and >700 nm protease activity with
(2002)'% Ntziachristos (2001) methoxypolyethylene “activatable fluorescent probe.”
using glycol polymer
“fluorescence- backbone with
mediated cathepsin B cleavage
.................................................................... tomography™ i sites.
Nakayama 250 mW laser diode Rat 50 nanomoles/ Infrared (IR)-786 and 771 nm/810 nm Blood-based screening of
etal. area excitation and animal IRDye78 fluorescent pathways during
(2002)'%° area detection with myocardial flow. Visualization
Orca-ER digital of the heart anatomy and
camera and a color function was realized intra-
____________________________________________________________________ video camera operatively.
Ntziachristos ~ Point illumination Mouse 100 nanomoles/ Cyanine 5.5-tagged with 670 nm/ 710 nm Demonstrated in vivo
et al. with 200 mW laser kg bw a graft copolymer with a tomographic imaging of tumor
(2002)'? diode and point poly-lysine backbone protease activity in small
detection to area and animals using a mouse
detection (via methoxypolyethylene immobilized within a cylinder
interfacing plate) glycol side chain to filled with scattering solution.
with 12-bit CCD target cancer and
fluoresce upon cleavage
by tumor protease
Area illumination Mouse 2 nmol/ animal  Cyanine 5.5-tagged with 675 nm/ Similar to Weissleder and
etal. and area detection graft co-polymer with 694 nm Mahmood studies (1999) with the
(2002)'%# using CCD in a polly-lysine backbone additional goal to determine

light tight chamber;
illumination with
150 W halogen
lamp with
interference filters

and
methoxypolyethylene
glycol side chain
(cleavage sites for
protease recognition)

expression levels of tumoral
cathepsin-B activity in
differentiated and
undifferentiated breast cancers.
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Table 2.1 Continued.

Author Imaging system Animal Dose Contrast Agent Excitation/ Overview
(incident fluence) Model Emission A
Solonenko 150 W mercury arc ~ Canine None None 460 to 960 nm Measured optical properties for
etal. lamp delivered detected blood oxygenation and motexafin
(2002)'* point source light lutetium uptake measurements in
through 640 mm vivo
fibers and point
detection delivered
to CCD camera
Ke Area illumination Mouse 17 nanomoles/ Cy 5.5, Indocyanine 660 nm/710 Studied fluorescence targeting
etal. and detection with mouse or 830  green Cy5.5 coupledto  for Cy5.5 and to tumors overexpressing EGFR
(2003)"%° intensified CCD picomoles/ epidermal growth 785nm/830nm in vivo; presented
Gurfinkel camera mouse factor for ICG pharmacokinetics of dye uptake
et al.131 into tumors and normal tissue.
(2003)
Cuccia Point source point Rat Indocyanine green 785nm / 830nm Coregistration of MRI and
et al. detection with optical imaging in the rat
(2003)'* fibers to avalanche combined with a
photodiode and pharmacokinetic model of
network analyzer contrast agent wash-out.
for frequency-
domain
measurements
Petrovsky Light-tight box Mouse 3.1 mg/kg Cy5.5 coupled to 630nm/>670 Studied a fluorescent probe for
et al. with area animal Annexin nm imaging tumor apoptosis, the
(2003)" illumination by principle being to couple C5.5
and 150-W halogen with annexin V, a protein with a
Schellenberger lamp and area high affinity to certain
etal. detection with 12- phospholipids, which are released
(2003)"* bit CCD camera from the cytoplasm during cell

death.
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Table 2.1 Continued.

Author Imaging system Animal Dose Contrast Agent Excitation/ Overview
(incident fluence) Model Emission A
Gannot Area illumination Mouse 50 pL injected Fluorescein 488 nm/ 520- Demarcation of subcutaneously
et al. and area detection into mouse isothiocyanate tagged 550 nm injected squamous cell carcinoma
(2003)'% with argon laser tounge and with CD3 and CD19 in mouse tongue with three-
(200 MW) directed unclear what antibodies. Targeting dimensional reconstruction of
through mirrors, concentration of  to lymphocytes that targeted fluorophore location.
bandpass filters dye infiltrate tumor and Depth of targeted fluorophore is
and CCD camera; tumor border simulated with layers of agarose
continuous wave gel placed over tongue.
measurements
Sokolov Endoscope- Human Gold nanoparticles Imaged cervical biopsies to screen
etal. compatible fiber (ex vivo) conjugated to for cancer by detecting gold
(2003)"¢ optic optical monoclonal antibody nanoparticals that are targeted to
coherence against epidermal EGFR.
tomography and growth factor
reflectance receptor
coherence
tomography system
Graves Point source at Mouse 2 nanomoles/ Cyanine 5.5-tagged 672 nm/710 nm Demonstrated tomomgraphic
etal. multiple points with animal with a graft copolymer imaging of tumor protease activity
(2003)"*7 laser diode and with a poly-lysine in small animals by using a
optical switch and backbone and parallel plate chamber with the
area detection with methoxypolyethylene animal immobilized within.
CCD glycol side chain to
target cancer and
fluoresce upon cleavage
by tumor protease
Intes Point illumination Human 0.25 mg/kg bw Indocyanine green 785 nm/ 805 nm 2-D tomographic
et al. and point detection reconstructions of , after
(2003)" to photodiodes injection of non-targeted

ICG into the breast of
cancer patients.
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Table 2.1 Continued.

Author

Imaging system
(incident fluence)

Animal
Model

McGreevy
etal.
(2003)"¥’

Josephson
etal.
(2003)*

Kennedy
etal.
(2003)'*°

Lenkinski
et al.
(2003)'"!

et al.
(2003)'#

Chen

et al.
(2005)"*

Endoscopic point
source and detector
to a CCD video
camera

Halogen lamp area -

excitation (with
bandpass filter to
select the excitation
wavelength between
(610-650 nm) CCD
detection
200-mW laser
expanded over 2-cm
field of view and
area detection with
CCD camera
Area illumination
and area detection
with 50 mW/cm?
NIR laser diode,
bandpass filters and
orca-ER camera
Area illumination
and light tight
detection using
CCD and 150 W
halogen lamp with
interference filters

Porcine

Mouse

Mouse

Rat

Mouse

Dose Contrast Agent Excitation/ Overview
Emission A
1.5 mg/animal ~ Cyanine 5 conjugated to 632 nm/ 668 nm Lymphatic mapping using a
cobalimin, which is fluorophore-protein (Vitamin
required by tumors to B12) conjugate in a semi-
carry out one-carbon invasive manner using
metabolism for deoxy- endoscope. Work towards the
ribonucleic acid (DNA) development of lymph staging
synthesis for cancer
2 nmoles (for Cyanine 5.5 conjugated 610-650 nm Lymphatic mapping with
subcutaneous to graft copolymer for ~ excitation/ 680-  fluorophore-polymer conjugate.
injection) or 10 pooling in the blood and 720 nm Work towards the development
nanomoles (for lymph nodes emission of lymph staging for cancer.

intraveneous
injection)

10 nmol/ animal

Folate-fluorescein
conjugate

488 m/515-585
nm

Imaging lung carcinoma tumors
that over-express the folate
receptor using the ligand, folic
acid, bound to the fluorophore.

0.1 pmol/kg bw

Pam78, a derivative of

pamidronate which

binds to hydroxyapatite

770 nm/ 790-
830 nm

Imaging microcalcifications
from breast tumors in an animal
model through the specificity of

the contrast agent to
hydroxiapatite calcification.

2 nmol/ animal

NIR2-folate, a near
infrared fluorochrome

conjugated to folate for

targeting to the folate
receptor

665 nm/ 686 nm

Studied fluorescence targeting

to tumors over-expressing the

folate receptor and arthritis in
vivo.
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Table 2.1 Continued.

Author Imaging system Animal Dose Contrast Agent Excitation/ Overview
(incident fluence) Model Emission A
Nakayama 150-mW halogen Mouse 1 nmol/ animal IR-786 760-780 nm/ Imaged brown adipose tissue
et al. light area 795-815 nm perfusion by detecting intensity
(2003)* illumination at 50 levels of the dye, which tends to
mW/cm? and area accumulate in the mitochondria.
detection with a
.................................................................... COlor Video Camera -
Chen Point source and Mouse 0.2 mg/animal Cypate-mono-2- 780 nm/ 830 nm 2-D image construction of a
etal. point detection with deoxyglucose fluorescent probe injected in a
(2003)'* a FDPM “phase human hepatoblastoma mouse
cancellation” model to target glucose
system. tansporters over-expressed
during tumor malignancy.
Reconstruction was performed
with a FDPM imaging system
that uses dual sources 180° out
____________________________________________________________________ of phase.
Citrin Area illumination Mouse  0.01 mg/ animal Cy5.5 conjugated to 675 nm/ 694 nm Imaging lung carcinoma and
etal. by xenon source endostatin determining binding efficacy of
(2004)'*17 area detection with Cy5.5-labeled endostatin
.................................................................... a Retiga camera
Gondi Area illumination Mouse 10 nmol/ animal ~ Cy 5.5. loaded onto a 610-650 Demonstrated that tumor
et al. and area detection (92 polylysine and nm/>700 nm proteases can be used as
(2004)'*® using CCD in a methoxypoly- methoxypolyethylene molecular targets
light tight chamber; ethyleneglycol glycol polymer for imaging inhibition of tumor
illumination with (MPEG), 11 backbone with growth with treatment of
150 W halogen dye molecules). cathepsin B cleavage antisense urokinase
lamp with sites. plasminogen activator receptor.

interference filters,
10-100 pW/cm’

143



Table 2.1 Continued.

Author Imaging system Animal Dose Contrast Agent Excitation/ Overview
(incident fluence) Model Emission A
Kircher Area illumination Mouse 10pmol/ animal ~ Cy 5.5.and Cy 7 both 630 nm/700 nm, Demonstrated that tumor
etal. and area detection (92 dual-labeled to 736 nm/ 800 proteases can be used as
(2004)'* using CCD in a methoxypoly- polylysine and nm, molecular targets
light tight chamber; ethyleneglycol methoxypolyethylene SNR for 30 second exposure
illumination with (MPEQG), 11 glycol polymer 173 for 200 pmol in phantom.
150 W halogen dye molecules); backbone with
lamp with 2.5 nmol and cathepsin B, D, and H-
interference filters, 250 picomoles/ cleavage sites.
.................................................................... 10-100 pW/em® animal
Kelly Endoscopy system Mouse Unknown Cy5.5or FITC boundto  Not specified Demonstrated colon cancer
etal. using two channel the peptide sequence, detection with a library-derived
(2004)"° fiber optic ‘CPIEDRPMC’, a colon peptide for proof of principle in
microendoscope cancer-specific peptide developing high-throughput
disease-specific fluorescent
probes.
Moore Area illumination Mouse Cy5.5 conjugated to the 630 nm/ >700 Imaging early tumorigenesis
et al. and area detection peptide, EPPT1, as well nm through the targeting of the
(2004)"! with Kodak CCD as CLIO (cross-linked peptide to underglycosylated
imaging system iron oxide) for MR mucin-1 antigen
imaging
Shah 150-W halogen Mouse 2.5 nmol/ Cy5.5 bound to graft 610-650 Imaging HIV protease activity
et al. area illumination animal copolymer (similar to nm/>700 nm in gliomas by detecting the
(2004)'>2 and area detection Weissleder studies) fluorescence emitted after
with a CCD camera protease cleavage.
in a light-tight
chamber
Ballou Area illumination Mouse 20 pmol Quantum dots coated 450 nm/ 606, Imaged quantum dots coated
et al. with four 250-W quantum dot/g with poly(acrylic acid) 635, 645, 655 with polymer to enhance
(2004)'* halogen lamp and bw polymer nm biostability in mice.

area detection with
Photometrics CCD
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Table 2.1 Continued.

Author Imaging system  Animal Dose Contrast Agent Excitation/ Overview
(incident fluence)  Model Emission A
Tigani Area illumination Rat 20 ul/ CyS5.5 (non-specific) 660 nm/ 700 Imaged lobular distribution in
et al. with 3 laser diodes animal administered intratracheally nm the lung of rats and correlated
(2004)"* at 10 mW/cm2 to MRI.
and detection with
CCD camera
Li Raster scanned Mouse 54 1,1'-dioctadecyl-3,3,3',3'- 549 nm/ 564 Imaged the binding of LDL to
etal. point source and (ex nmol/animal  tetramethylindocarbocyanine nm LDL receptors over-expressed
(2004)'% point detection Vivo) perchlorate (Dil) labeled in melanoma and
across tissue with low-density lipoprotein hepatoblastoma tumors. The
surface to a (LDL) samples imaged were snap-
spectrofluorometer frozen from xenograft mice
three hours after i.v. injection
of the Dil-LDL.
Pogue Area and point Mouse 5 mg/kg bw aluminum phthalocyanine 670 nm/ >685 Compared raster scanned
etal. illumination and disulphonated (AIPcS,) nm for area fluorescence imaging with
(2004) detection using detection and reflectance geometry imaging
laser diode, fiber 633 nm/ >685 in nude mice with fibrosarcoma
optics, PMT, and nm for raster tumors to detect the
CCD scan pharmacokinetics of the
injected photodynamic agent.
Chen Area illumination ~ Mouse 0.1to3 Cy5.5 conjugated to 660 nm/ 710 Imaged U87 glioblastoma
etal. and area detection nmol/animal arginine-glycine-aspartic nm tumors in xenografts by
(2004)"%° with broadband acid (RGD) detecting fluorescence from
source and CCD Cy5.5 conjugated to RGD
which binds to the avf33
integrin receptor over-
expressed in the tumor.
Ghoroghchian  Area illumination Rat 500 pmol/ oligo(porphyrin) 705-765 nm/ Imaged polymersomes that
et al. and detection with animal polymersome 805-880 nm fluoresce in the NIR by
(2005)"7 Xenogen system injecting agent into the center

of a rat tumor.
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Table 2.1 Continued.

Author

Kwon
et al.
(2005)"%*

Imaging system
(incident fluence)
Area illumination
and detection with

laser diode (80
mW) and ICCD
camera system

Animal
Model

Mouse

Dose

3-10
nmol/animal

Contrast Agent

Cy5.5 labeled with
RGD (arginine-glycine-
aspartic acid) ligand

Excitation/
Emission A
660 nm/ 710 nm

Overview

Measured the difference in
pharmacokinetics of two tumor
types. Binding rates of RGD
ligands to high and low vascular
tumors over-expressing the
integrin receptor were evaluated.

Hwang
etal.
(2005)"*’

Area illumination
and area detection
with laser diode
(80 mW) and
ICCD camera
system fitted with
collimating optics

Mouse

3-9 nmol/
animal

Indocyanine green
derivative (synthesized
by Wei Wang,
UTMDACC)
conjugated to RGD
peptide

785 nm/ 830 nm

Detected the binding of the RGD
to melanoma tumors expressing
integrin in order to improve the

rejection of excitation light by
implementing collimating lenses
in front of standard fluorescence
filters.

Ke
et al.
(2005)'%°

Area illumination
and area detection
with laser diode
(80 mW)and ICCD
camera system

Mouse

6 nmol/animal

IRDye800 conjugated
to '"Indium and cyclic
RGD peptide sequence

780 nm/ 830 nm

Demonstrated dual-modality

imaging with a dual-labeled

optical and nuclear imaging
agent.

Hintersteiner
et al.
(2005)

Are iluumination
with 3 laser diodes
(10 mw/cm?) and
area detection with
Siemens CCD
camera system

Mouse

0.01 to 3 mg/kg
bw

AOI987, fluorescence
oxazine dye that binds
to amyloid plaques

660 nm/ 700 nm

Demonstrated in vivo NIR
imaging of beta amyloid plaques
in the brain of a mouse after i.v.

injection of a plaque-targeting
dye. Application for diagnostics
of Alzheimer's.

LE
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2.5.1 Exogenous Non-Specific and Disease-Specific Fluorophores

When not bound to specific moieties which bind to or target diseased cells,
fluorophores are characterized as non-specific. Non-specific dyes are generally washed
out through the body's renal system accumulating in the kidneys and bladder within
several minutes. Upon injection into the blood stream, the contrast agent will reach
highly vascularized regions and may facilitate detection of abnormalities such as highly
angiogenic tumors. The injection of non-specific agents remains limited because of the
inability of the dye to selectively bind to diseased cells for discrimination against normal
cells. Some common non-specific and exogenous fluorophores used for optical imaging
include: fluorescein isothiocyanate (FITC), indocyanine green (ICG), derivatives of the
cyanine dye (e.g. Cy3, Cy5, Cy5.5, Cy 7), photosensitizers (e.g. oligo-porphyrins,
photoporphryn IV, hexylpyropheophorbide-carotene), and dyes manufactured
proprietarily (e.g. Licor's IRDye800). >3 %% 132:13% photosensitizers have NIR emission
and are thus favorable for deep tissue imaging as in the study by Reynolds et al.”> Most
photosensitizers are used for photodynamic therapy however, and involve the production
of porphyrin via the heme cell cycle, which requires introducing exogenous
aminolaevulinic acid (ALA) into the body. Indocyanine green is particularly common
because of the favorable NIR excitation and emission spectra as well as its characteristic
binding to albumin in blood,” which enables imaging of vascularized areas more
efficiently. The chemical structure and excitation and emission spectra of ICG are
shown in Figure 2.5. ICG is the only federally approved dye for human subjects

therefore is the exogenous contrast agent (Akorn Inc., Buffalo Grove, IL) proposed for
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use in the optical lymphography for sentinel lymph node mapping studies described

herein.

= [CG excitation

= [CG emission

El
=,
2
2 0.5 4
Q
=
=
3
=
E
S
Z
0 L] L] L] L] L] L]
600 650 700 750 800 850 900

Wavelength [nm]

Figure 2.5 Chemical structure (top) and normalized fluorescence spectrum (bottom) of
indocyanine green fluorescent dye. The excitation spectrum is taken with the emission
monochromator at 830 nm and the emission spectrum is taken with the excitation
monochormator at 785 nm. Indocyanine green was dissolved in DIUF water.
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Fluorophores that are disease-specific may be bound to several biological
moeities; one type is the fluorophore-antibody (Ab) conjugate. Fluorophore-Ab
conjugates are among the earliest targeting agents and have been studied in vivo as early
as 1991.%  Fluorophore-Ab conjugates bind to cancer cells through an Ab-antigen
mechanism in which proteins (antigens) that are specific to a cancer cell are bound by
the Ab that is injected. Pelegrin et al. first studied this ability in mice by coupling FITC,
which fluoresces at 530 nm, to a monoclonal antibody human colon carcinoma.”> More
recently, Soukos et al. bound an anti-epidermal growth factor receptor (anti-EGFR)
monoclonal antibody to Cy 5.5 to image fluorescence from oral cancer cells, which over-

121
express the receptor.

There are few antibody-fluorophore conjugate studies provided
in recent literature owing to the bulkiness of antibody molecules as well as their
tendency to have a long blood half-life, which contributes to an elevated fluorescence
background. Additionally, Ab conjugates may cause adverse immunogenic reactions in
living subjects.'!

The bulk of research on disease-specific agents involves a second type of
conjugate, fluorophore-protein conjugates. Generally these fluorophore conjugates are
injected into the animal body and by a simple binding mechanism will localize within or
on the surface of the diseased cell. Binding of the fluorophore conjugate to the cell may
occur within several minutes and continue for up to 48 hours after injection leading to
high specificity of the fluorophore to the disease. The binding mechanism for the

fluorophore-peptide conjugates follows a simple receptor-ligand interaction. Several

cancers have well-characterized cellular compositions and are thus known to over-
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express certain cell-surface receptors. Accordingly, these receptors play roles in signal
transduction, proliferation, angiogenesis, and other cancer-related pathways. Ligands
are typically small proteins and small amino acid sequences therefore can be synthesized
and conjugated to fluorophores for fluorescence imaging of the cancer cell. Some
common receptor-targeting schemes include (i) epidermal growth factor to epidermal

growth factor receptor,130 (i) Arg-Gly-Asp (RGD) peptide to o,B;3 integrin receptor, >*

158, 160, 162, 163 110, 164

(i11) cytate to somatostatin receptor, (iv) cybesin to bombesin

165 114

receptor, ' (iv) octreotate to the somatostatin receptor, = (vi) folate to folate

142, 143 5

receptor, (vii) low-density lipoprotein to LDL receptor,'” and (viii) peripheral
benzodiazepine ligand synthetically constructed in various forms to peripheral
benzodiazepine receptor.'®®

Unlike the peptide-receptor targeted mechanisms, fluorophores that are
conjugated to various proteins enable molecular imaging of cell death or cancer cell
metastasis. For example, the Cy5.5 fluorophore was recently tagged with annexin V'**,
a protein with an affinity to phospholipid cell death byproducts, and upon injection of
the contrast agent and subsequent induction of cell death, NIR fluorescence imaging of
apoptosis was achieved. In another study, McGreevy et al. constructed a fluorophore-
protein construct, ICG-cobalimin,*” to image the accumulation of cobalimin near the
tumor. Cobalimin, vitamin B,;, is required by tumors to carry out one-carbon
metabolism for DNA synthesis. Because it is also a large protein, injection of this

construct into the body enabled imaging of the lymph, albeit with invasive imaging

technologies.
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The fluorophore-polymer contrast agent is not as widely employed because of the
large molecular weight of polymers, however has shown promise for various types of
cancer imaging. For example, Weissleder et al.'” designed bulky copolymers and
attached them to fluorophore-peptide constructs. The constructs, which slowly
extravasate through the bloodstream, do not fluoresce because the fluorophore is in a
quenched state. The quenching of fluorescence occurs because excitation light energy
absorbed by the fluorophore is transferred to the dominating polymer block. However
upon undergoing phagocytosis by a cancerous cell expressing high levels of cancer-
specific enzymes (e.g. cathepsin D, B, and matrix metalloproteinase), the fluorophore is
cleaved from the bulky copolymer. Cleavage occurs by the cancer enzyme which
recognizes the fluorophore-conjugated peptide sequence. Cleavage allows the now free
dye to radiatively relax thus indirectly reporting levels of enzyme activity in the cancer
cell. Another application using polymers for delivery to cancerous cells showed in vivo
mapping of the lymphatics in nude mice with a graft copolymer-Cy5.5 fluorophore.”
The removal of the copolymer-Cy5.5 construct from the body was slow because the
polymer has a long blood half life, therefore as the conjugate localized in the lymph
nodes, it could be imaged. Lastly, Ghoroghchian et al. have designed NIR emissive
polymersomes, or spherical copolymers with a membrane bi-layer composed of

157

hydrophilic heads groups and hydrophobic tails groups.””" Introducing oligo-porphyrins

that assimilate into the hydrophilic component enables also NIR imaging.
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2.5.2 Non-Specific or Disease-Specific Nano-particles

Recently there has been a rapid increase in the development of non-organic
agents for contrast-enhanced optical imaging. The synthesis of these nanoparticles
includes development of quantum dots, gold nanoshells, and iron oxide and gold
nanoparticles. Nanoparticles have been studied because they can be finely tuned to
exhibit favorable excitation and emission properties, or other light emitting
characteristics. Quantum dots, in particular, have very narrow excitation and emission
spectra, thus can be imaged with high specificity. Recently Ballou et al. designed
quantum dots and coated them with polymers to enhance their biostability in nude

3

mice."”®> Quantum dots have also been coated with bovine serum albumin,'®’ labeled

with antibodies for prostate cancer specificity, '

as well as have been designed for
imaging of the lymphatics.”” Alternatively, nanoparticles that are not fluorescent in
nature, but can be optically imaged may also be designed for cancer specificity. For
example, Sokolov et al. conjugated gold nanoparticles to monoclonal antibodies against
epidermal growth factor receptor and demonstrated scattered light imaging ex vivo with
human tissue samples.”*® Alternatively, nanoparticles can be combined with fluorescent
contrast agents for multi-modality studies such as that performed by Kircher et al., who
conjugated Cy5.5 to an iron oxide particle, which enhances MRI images, for

. . . . . 1
intraoperative brain tumor delineation.'®

Unfortunately, the single drawback of
nanoparticles for clinical translation is their unknown fate upon injection into the body.

Thus extensive testing and approvals are required to monitor and determine safe

ingestion limits.
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2.5.3 Endogenous Fluorophores

Exploiting the natural fluorescent contrast in tissues for optical imaging is not
common in whole-body cancer or disease detection, however has been performed for
several years. Natural tissue fluorescence is also known as autofluorescence.
Endogenous fluorophores are used to distinguish small fluorescence spectra
perturbations across a tissue sample to reflect the presence of disease, or cancer. The
fluorescent signature of tissues will change with differing concentrations of endogenous
fluorophores, which inevitably occurs due to changes in the pathological state of the
tissue. The most common tissue fluorophores detected are NADH, FAD, collagen and
elastin which excite and emit in the range: 290 nm to 520 nm.'”® Additionally, other
obscure tissue components such as the amino acids tryptophan, tyrosine, phenylalanine,
as well as the endogenous molecules pyridoxine, lipofuscin, and eosinophils can be
excited for detection between 300 nm and 500 nm.'”" Because endogenous fluorescence
is not NIR, it is generally used with invasive endoscopic evaluations for internal cancers
such as cervical, stomach, bladder, colon, etc. or for superficial topical measurements.
Although, recently Demos et al. explored tissue autofluorescence in the NIR to
discriminate between normal and cancerous bladder tissue ex vivo and reduce
background fluorescence.'”>'”* The use of endogenous fluorophores is not described in
great detail because it is not within the scope of fluorescence-enhanced imaging for

sentinel lymph node mapping.
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2.5.4 Fluorescent Proteins

Genetically engineered endogenous fluorophores are, on the other hand, more
popular for whole body optical imaging. Although these contrast agents are generally
not reliable optical imaging probes because their fluorescence signals are emitted at
higher energies than the NIR and they require translation of a genotype, they are
nonetheless significant for small animal imaging studies.  Fluorescent proteins have
been widely used in biochemical assays to indicate some phenotypic expression. A gene
that encodes for the fluorescent protein is introduced by a vector, or other translational
method, into a diseased cell. Upon transcription into the protein, imaging can either
identify the expression of some genotype, or simply the presence of a diseased cell in the
body transfected with the fluorescent protein gene. The various proteins that have been
studied for whole-body small animal imaging include green fluorescent protein, red
fluorescent protein (RFP), and yellow fluorescent protein (YFP). More interesting work
involving GFP include the detection of metastastatic events and progression of cancer in

174-177

nude mice with orthotopic tumors. For brevity, Table 2.1 does not include all

studies to-date with GFP, YFP, and RFP.

2.5.5 Bioluminescent Enzymes

Bioluminescence is an optical imaging method that has gained immense
popularity because it does not require an excitation source, or other complex optical
equipment for imaging. A commercial camera system is in fact available for this
application. Bioluminescence is the process in which photons are produced by a simple

oxidation reaction in the cell and are captured by a CCD camera using a light-tight box
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and very lengthy integration times. The production of photons occurs with the aid of a
substrate that is injected into the body. The substrate however, only undergoes an
oxidation reaction to produce photons if there is an enzyme present to catalyze the
reaction. Thus, in order to have this enzyme present in the diseased cell, the gene
encoding for the enzyme is stably transfected into the cell or diseased cells. Thus, upon
injection of the substrate, photons will be produced at the disease site if there is
continuous or controlled expression of the enzyme. The most common enzyme and its
corresponding substrate that produce bioluminescence are luciferase and luciferin.
Again, Table 2.1 does not provide a review of all bioluminescent studies, however some
examples are provided below to preface the use of dual-modality imaging for the

comparison of optical with gold-standard methods, which is described in Section 5.

2.5.6 Dual-Modality Nuclear and Optical Imaging

Dual-modality imaging is increasingly popular, particularly with optical contrast
agents owing to the high resolution and photograph-quality images that optical systems
provide. Optical imaging can easily provide a picture of the disease site in small animals
for comparison to other modalities such as nuclear imaging and MRI. This thesis
considers the comparison of nuclear imaging to optical imaging, therefore only studies
involving gamma emission and photon emission are reviewed in this section. There are
a handful of studies in the literature that combine optical and nuclear imaging. The most
common examples involve bioluminescence. This combination is popular because a
gene can be constructed to hold both an optical and nuclear vector. Studies by Blasberg

et al. and Gambhir et al. are the most prominent and employ small animals that either (i)
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express Renilla or firefly luciferase, which in the presence of ATP, oxygen, and its
exogenous substrate, coelenterazine or D-luciferin, provides visible light
(bioluminescence); and/or (ii) express the wild type or mutant herpes simplex virus type
1 thymidine kinase (genotype: HSV1-tk and HSV1-sr39tk, respectively), which
phosphorylates PET labeled substrates such as FIAU (2’-fluoro-2’-deoxy-1-f3-
arabinofluranosyl - 5 — iodouracil ]), FHBG ( 9- ( 4 - [18F] fluoro-3-hydroxymethylbutyl)

178-182

guanine), and FPCV (8 - [18F] fluoropenciclovir). Other non-bioluminescent

studies include work by Zaheer et al. who injected separate optical and nuclear contrast

124

agents to image osteoblastic activity. This thesis presents work in which a dual-

labeled optical and nuclear probe was injected into nude mice for direct in vivo
comparison of optical and nuclear (see Section 5.1).'%% 1#3

Although the rapid development of contrast agents promises in Vivo optical
imaging of many different cancers, the actual clinical use of the aforementioned dye
constructs, with the exception of free indocyanine green, is currently not possible. More
specifically, the Food and Drug Administration (FDA) has not yet endorsed the optical
contrast agents, or investigational new drugs (IND), for human subject use. As
described previously, this project aims at developing an ICCD system that can easily
image human subjects and detect fluorescence emission of the FDA approved contrast
agent, indocyanine green. Before progressing to the results of this thesis,

instrumentation, materials, and data acquisition methods for the detection of

fluorescence are presented to foreshadow the resulting phantom and animal model work.
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3. INSTRUMENTATION, MATERIALS, AND FLUORESCENCE

MEASUREMENT METHODS

The methodology for developing a clinical fluorescence-enhanced optical
imaging system involves many contributions; research efforts include simulating photon
diffusion, imaging fluorescence in tissue phantoms, imaging tumors in small animals,
developing clinical protocols, and federal approval of the investigational device and
imaging agent. As the aims of this work are to bridge the bench top-to-bedside gap,
several research materials and methods were finely tuned for the use and/or development
of three major instrumentation types: (i) an intensified charge-coupled device (ICCD)
camera system for phantom and clinical imaging, (ii) nuclear and optical imaging
systems for whole-body imaging in nude mice, and (iii) an avalanche photodiode (APD)
detection system for single point fluorescence measurements for elucidating agent
pharmacokinetics in nude mice. With these three base projects in mind, this thesis
section is divided into five segments that describe: (1) the materials required for the
development of an ICCD imaging system that can be used for phantom and patient
studies, (2) the data acquisition procedures pertinent for ICCD imaging, (3) the materials
and methods used for phantom measurements, (4) the materials and methods used for
whole-body small animal nuclear and optical imaging, and (5) the materials and methods

used for single-point fluorescence measurements in small animals.
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3.1 ICCD Camera System

Fluorescence-enhanced ICCD camera instrumentation has long been studied and
described in works from the Photon Migration Laboratories. This technology is never
stagnant, and the latest generation ICCD camera system, which is modeled after prior art,
includes advances in the CCD camera, the design of imaging suite mounts and support
structures, addition of optical components based on functionality in small animal
imaging, and optimized image acquisition methods based on previously reported FDPM
measurement precision and accuracy. The main FDPM ICCD components are (1) a
charge-coupled device camera, CCD cooling unit, and CCD controller, (2) an image
intensifier, (3) a laser diode, diode mount, temperature controller, and laser controller, (4)
two frequency signal generators and a radio-frequency amplifier, (5) a central processing
unit (CPU) with a processor speed of 2.6 GHz, and (6) other mounting and optical
accessories (e.g., lenses, filters, etc). An illustration of the instrumentation is provided in

Figure 3.1.
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Figure 3.1 Illustration of the intensified charge-coupled device camera system
components, which includes the image intensifier circuitry and modulation instruments.

3.1.1 CCD Camera
The charge-coupled device camera includes an E2V 47-20 Grade 1, 16-bit, frame
transfer CCD chip with an active imaging area of 1024 x 1024 pixels; each pixel is 13
pm in length making the total active chip size approximately 13 x 13 mm®. The camera

head displayed in Figure 3.2, controller and cooling unit are Princeton Instruments
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(model: PI-SCX) and assembled by Roper Scientific in Tucson, AZ. An optimum 16-bit
dynamic range where 2'®is equivalent to 65,536 gray levels was chosen to maximize the
CCD performance. The 16 bits of data per pixel optimizes the CCD capacity to detect
very dim and very bright parts of the fluorescence image under inspection. Additionally
the CCD has a frame-transfer architecture with a maximum digitization frequency of 5
MHz. Separate image and storage arrays for image read-out promote rapid FDPM data
collection; the integration time is approximately 5 min for acquisition of 320 images at
1000 ms exposure. The Princeton Instruments CCD camera was also designed to have a
fiber bundle directly laminated to the square CCD chip with Roper Scientific’s patented
fiberoptic-coupling technology (US Patent 5,134,680). The fiber bundle effectively
enlarges the size of the CCD so that the CCD can be directly interfaced with an 18-mm
diameter, circular image intensifier, which is described below. This is the first custom-
built Roper Scientific design of this type with specifications solely for this thesis to
enable the circular image intensifier to be "tapered" down to the size of the CCD
permitting photons to be relayed without loss of resolution. This fiber coupling "circle
in a square" method involves a taper ratio of 1.3:1 which is approximately equivalent to
the ratio of the image intensifier diameter to the square CCD chip length (18 mm : 13
mm). The CCD has optimum quantum efficiency within the bandwidth of
approximately 200 nm to 900 nm. The increased dynamic range, fiber taper, and

combined frame-transfer architecture make this system unique among all ICCD systems.
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Figure 3.2 The 16-bit CCD camera head with fiber taper. Illustration reproduced from
Roper Scientific, Tucson, AZ.

3.1.2 Image Intensifier

In combination with the CCD, an image intensifier promotes NIR photon
detection. Used traditionally in night vision goggles for military purposes, an image
intensifier is used to amplify low level light signals. For this study, the image intensifier
is a Generation 3 Pinnacle™ “tube” that is 18 mm in diameter (model: FS9910, ITT
NightVision, Roanoke, VA).

The image intensifier not only promotes light amplification but also permits
time-resolved photon migration measurements and is composed of a photocathode,
multi-channel plate (MCP), and phosphor screen. All three components work in sync
whereby photons travel first into the photocathode. The photocathode collects incident

photons and converts them to electrons for amplification. When a voltage potential is
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created between the photocathode and the second stage, which is the MCP, the generated
electrons will flow across a film barrier for amplification. An adjustable MCP gain can
control the amount of light augmented. From the MCP, the amplified electrons flow to a
phosphor screen. At the phosphor screen, the electrons are converted to photons and an
amplified light signal is created. A 10-V fixed power supply (9 to 11 V narrow slot
output with 1 A rating, model: Gold Box B10G100, Acopian, Easton, PA) in
combination with a 0-10 V variable power supply (0 to 15 V output range with 1 A
rating, model: Gold Box A015MX100, Acopian, Easton, PA) provide the adjustable
MCP gain and power to the intensifier. The specifications for the Generation 3
Pinnacle™ image intensifier include a gain maximized at 2300 pA/lumen in the NIR and
signal to noise ratio of 25. Additionally, for imaging purposes, the Generation 3
Pinnacle™ tube was specified to have radiant uniformity throughout the screen at 830
nm, where ICG, the predominant fluorophore used herein emits photons.

The image intensifier is operated for continuous wave or frequency domain
measurements. During continuous wave measurements the voltage potential of the
photocathode-to-MCP is set to a direct current of >200 V, which is powered by a GBS
Micro Power Supply (San Jose, CA, model: HVPS 20065400-003) via a home-built
resistor-capacitor circuit. Figure 3.1 is an illustration that depicts the intensifier circuitry.
Image intensifiers require a minimum “clamping” voltage to enable electrons to cross
the MCP film barrier, therefore a large (>>20 V) cathode-MCP voltage potential enables
better signal response and greater amplification for in vivo measurements, which are

done in continuous wave mode. During modulation for FDPM phantom measurements,
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the cathode-MCP voltage potential is reduced to 65 V dc and radio-frequency (30 to 130
MHz) modulated amplitude of 22 V ac is delivered onto the photocathode steady bias to
modulate the photocathode response to input photons and create a frequency-dependent

detection at a modulation depth (ac/dc) of approximately 40%.

3.1.3 Modulation Instruments

Frequency domain measurements are acquired using two phase-locked oscillators.
Both frequency generators send modulated signals to the laser and image intensifier.
The first oscillator, a Programmed Test Sources (PTS-310 frequency synthesizer,
Programmed Test Sources, Inc., Littleton, MA, model 310M201GY X-53) instrument
generates a 13-dBm RF signal which is directed to the image intensifier circuitry. In
combination with a 47-dBm amplifier (ENI Technology, Inc., Rochester, NY, model
604L) and 20-dBm attenuator, the total RF signal sent to the image intensifier is
approximately 40-dBm, which is equivalent to 22-V. The second oscillator, a Marconi
signal generator (Marconi Instrument Ltd. Hertfordshire, England, model 2022D) creates
a radio frequency signal at 13-dBm that is used to modulate the intensity output of the
laser diode. The two modulators are phase locked with the PTS being the "slave"
oscillator clocked by a 10-MHz external standard "master," which is the Marconi 2022D.
A National Instruments IEEE-488 general purpose interface bus (AT-GPIB/TNT model:
778036-51, Austin, TX) configured for plug-n-play (TNT) into a PCI slot within a Dell
Dimension 8300 Desktop personal computer enables computer programmed

communication between the two oscillators. The desktop computer with 100 GB of disk
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space for image storage, and with a Pentium® 4 processor is adequate for ICCD image

acquisition.

3.1.4 Laser Components

In addition to the fluorescence detectors the optical imaging system requires an
NIR light source for fluorophore excitation. Here, we employ a Thorlabs laser diode
(785 nm, Sanyo DL7140-201, Thorlabs, Inc, NJ or DL-4140-001S, Power Technology)
operating at a dc power of either 80 mW or 25 mW and lasing at 785 nm, the peak
wavelength for ICG light absorption. The beam is expanded with a plano-convex lens to
any desired circumference for area illumination and a holographic optical diffuser placed
after the lens provides a uniform output light field. The diode current is kept constant by
a driver (Thorlabs Inc. Newton, NJ, model LDC500) and temperature controller
(Thorlabs, Inc. Newton, NJ, model TEC 2000). Similar to the image intensifier, the
diode is modulated for the experiments herein over the frequency range from 30 to 130
MHz. The Marconi 2022D signal generator, which provides an RF modulated signal to

the laser bias T, is adjusted at a power equivalent to 13 dBm. At 13 dBm, the laser

IAC

modulation depth, I
+

, 1s approximately 30% when operating an 80-mW
DC ~ 'th

AC
laser diode with a threshold current (ly ) rating equivalent to 30 mA. In the modulation
depth equation above Iac [mA] is the alternating current amplitude of the laser, which

depends on the RF power, and Ipc [mA] is the mean laser current value, which is set by

the user.
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3.1.5 Clinical Accessories

The ICCD camera system was designed for mobility and to maneuver within the
nuclear medicine suite at the University of Texas M. D. Anderson Cancer Center
hospital. Accordingly, mounts and ICCD support structures include an articulating arm
and a mobile heavy-duty cabinet. The dimensions of the cabinet, or mobile cart, are: 2'
(w) x 4' (1) x 4' (h), and all instrumentation described previously fit comfortably within
the cart. Figure 3.3 is an illustration of the cart with all ICCD components and Figure
3.4 is a photograph of the system. The cabinet (model: JJ245-U7, D.C. Graves,
Wakefield, MA) has four polyurethane swivel casters with wheel brakes, lockable doors
and drawers, a floor lock, and blue enamel finish over 14-gauge steel. On top of the cart,
an articulating arm is mounted to hold the approximately 12-1b CCD camera head. The
arm was manufactured by Strong Arm® Designs Inc., Horsham, PA (model: 501-
LU3M16-38731 Vertica-L Pendant Arm) with dimensions provided in Figure 3.5. All
cables (e.g., cooling tubes and power cords) that run from the CCD, monitor, and laser

pass through the interior of the articulating arm.
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Figure 3.3 Illustration of how the ICCD system is housed within the mobile cart and how
the CCD head is mounted onto an articulating arm.

Figure 3.4 Photograph of the clinical ICCD camera system. Instrumentation resides in
the interior of the cart, which is on casters for mobility around the nuclear imaging suite.
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3.1.6 Optical Components and Accessories That Minimize Image Artifacts

The tools which complete the ICCD camera system include optical accessories
that permit optimum fluorescence signal acquisition.  First, a 50-mm Nikkon Lens
(Nikor, Tokyo, Japan) is used to focus the area light signal at the tissue or phantom
surface onto the image intensifier. A 785-nm holographic notch band rejection filter
(Kaiser Optical Systems Inc., Ann Arbor, MI, model HNPF-785.0-2.0) is placed in front
of the Nikkor lens to selectively block the excitation wavelength. Additionally, an 830-
nm band pass filter (Image quality, Andover Corp., Salem, NH, model 830.0-2.0) is

stacked with the band rejection filter to selectively pass the emission signal (+/-10 nm).
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Figure 3.5 Dimensions of the Vertica-L Pendant Strong Arm® used to mount the CCD
camera head. Reproduced from design specifications provided by Strong Arm Designs,
Inc.
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Quantification of the fluorescent events that occur in vivo with ICCD camera
systems may be limited by the presence excitation light noise. During collection of
fluorescence signals, excitation wavelengths are blocked with optical filters, yet despite
blocking efforts, 19% of the total signal passed to the detector contains excitation light.”
Presently, excitation noise limits the depth resolution of fluorescence in optical images

to 3 centimeters and 2 centimeters for tomography.” '**

The best rejection published in
the literature is achieved by stacking two filters, an excitation rejection filter and a band-
pass filter” However simply stacking filters to add greater optical density and less
transmittance may not be the solution. Recent work from the Photon Migration
Laboratories demonstrates improved rejection upon collimation of the imaged photons
prior to optical filtering."”  Collimation optics may be essential for standard
fluorescence ICCD imaging techniques particularly when the propagated excitation light
fluence is up to four orders of magnitude or more greater than the fluence of the
generated emission light. Appendix I outlines the calculation which compares the
magnitude of attenuated excitation and emission light. Because it is known that the

central wavelength of optical filters shifts with the angle of light incidence, ICCD

systems must be tailored with collimating lenses.

3.2 FDPM Data Acquisition Methods

In addition to a description of the instrumentation, data acquisition procedures
for measuring fluorescence signals are described. Iac and 0 are obtained with the ICCD
camera system through a homodyne data acquisition (DAQ) procedure.'® The principal

behind homodyne data collection is simply the mixing of two frequency modulated
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elements: (1) the fluorescent photon signal, FS, and (2) the RF modulated detector, DS,
for demodulation of the desired fluorescence density wave. The fluorescent signal is a
wave comprised of an average intensity (Ipc), amplitude (lac), and phase (). The phase
of FS depends on the radio frequency () of the laser and on a delay of propagation of
the wave due to scattering and fluorescence decay kinetics (6). The signal is
mathematically defined as:

FS = Fyc + Fue cos(wt+6) (3.1)
Similarly, the detector signal, DS, has a gain at a steady, Ipc, with amplitude, Iac, and is
modulated at an RF frequency of, ®, with an additional delay, @, that is introduced
during the homodyne DAQ procedure. The detector signal is defined as:

DS = DS, + DS, cos(a@t+6,) (3.2)

When the signals of FS and DS are mixed, the output is:

MS =FSxDS =
FSpcDSpc + FSpe DS cos (@t + 6, )+ FS,c DS ¢ cos (ot +0)+ (3.3)
Mcos(am —9)+Mcos(2a)t +6,4+6)

The mixing of FS and DS form a signal, MS, which has a high frequency component (wt)
as well as a phase contribution that varies in magnitude depending on the transit time of
the detected wave (6) and the instrument delay that is imposed during the DAQ
procedure (Gnst). The image intensifier does not read, amplify, and pass the signal at the

phosphor screen at a rate that matches the frequency at which the signal is received. The
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phosphor decay and recovery rate is limited. Therefore, only the low frequency
components are passed; the remaining signal is time independent:

FS,.DS,.

MS, ., =FS,. DSy os (6,

inst

0) (3.4)

final

The final signal obtained is the measured fluorescence photon density wave, which is
output in a 2D image, that is, each pixel has a final lac, Ipc, and 0 value.
The ICCD camera system homodyning method is enumerated below.

1. The phase-locked Marconi and PTS send equivalent radio-frequencies to the
laser diode and image intensifier, respectively. The specific frequencies used
were 30, 60, 90, 100, and 130 MHz.

2. The CCD camera acquires 10 frames, or images, of the image intensifier
phosphor output during continuous modulation.

3. After acquiring 10 images, the phase of the PTS is delayed relative to the
Marconi by a factor of 2mt/32.

4. The CCD captures a series of 10 images again.

5. Step 3 is repeated 32 times until a total phase change of 2w has been achieved
and a “stack” of 32 x 10 images are collected.

The homodyne process is controlled using V++ Image Acquisition software (Digital
Optics, Auckland, New Zealand) with pre-programmed scripts to direct the oscillators
which communicate via the National Instruments IEEE-488 GPIB. The Pascal V++
scripts were modified for this work to collect frame-transfer CCD images. The 10

images collected at one phase-delay are averaged to obtain a single multi-pixel image for
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each phase-delay, therefore a 32 x 1 multi-pixel image array is obtained. At each phase-
delay, the image intensifier output intensity changes. The change is sinusoidal across all
phase delays so that after a total of 32 phase delays an intensity-based sine wave is
obtained from the stack of 32 images. Due to the sinusoidal intensity change, the lac and
0 can be obtained using Fourier transform fit. With 32 discrete values at each pixel (i,j),
a fast Fouier transform is computed. The angle and modulus of the FFT result are

simply the 0 and Iac of the final fluorescent signal:

(3.5)

(3.6)

F(lij)max represents the maximum output of the Fourier transform spectrum, which has
real and imaginary components, of the steady state intensity at each pixel (i,J) and phase
delay. N is the total number of phase delays. DC can be determined by simply
averaging the intensity of each pixel for 32 phase-shifts in modulation. A Matlab routine
provides the Iac and O, while V++ imaging software drives the homodyne data

acquisition scheme.
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It is notable to add that randomizing the 32 x 10 multi-pixel arrays before
computing the FFT provides a statistically improved computation method.'*® Therefore a
procedure has been developed in which the total number of frames, n, and phase delays,
N, can be combined in a random manner to create a single array of 32 x 1 images. The
randomization is done by randomly selecting a frame for each phase delay and then
computing the FFT. This random selection is repeated in an iterative manner so that the
phase-sensitive intensity data is combined in a multitude of combinations. Using 100
iterations, this data acquisition procedure reduces the noise in the final FFT data. A
MatLab routine was used to compute the FFT following this randomization method for

all the data calculated in this project.

3.3 Phantom and Target Materials

Following the instrumentation description and the DAQ procedures for FDPM
measurements, this section describes the materials used in phantom experiments for
Phase 1 of the thesis. The results from Phase 1 are described in Section 4. A phantom is
a tissue-mimicking container, and for this study, two different phantom types were
constructed at the Photon Migration Laboratories. The phantoms modeled a semi-
infinite tissue slab to simulate the non-invasive clinical application of FDPM
measurements in which the planar source is incident on the same surface over which
fluorescence is detected. Hence the geometry to be constructed is semi-infinite with a
planar boundary. The computations for comparing experimental data are then subject to

extrapolated or zero fluence boundary conditions at the planar surface (®=0 at an
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extrapolated boundary or ®=0 at z=0) while the fluence, ®, becomes small at the large
distances (z—).

The first phantom constructed consisted of a 30 x 10 x 10 cm® (length x width x
height) open box with a black acrylic bottom and clear Plexi-glass sides. The center
point of one of the long sides of the rectangular phantom was identified at which a series
of 10 holes, 1 mm in diameter with 1-mm drill bit, were there drilled in a single line
starting 1 cm below the phantom top edge. The holes were drilled approximately 1 cm
apart with hand-held accuracy. Within each hole, a fiber optic was inserted so that it
reached the center of the phantom. The fibers were fastened with Mr. Sticky's water
Glue®. The role of each evenly distributed fiber was to permit collection of
fluorescence signals from varying depths thus providing fluorescence data in the z

direction. Figure 3.6 is an illustration of the phantom system.
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Figure 3.6 Illustration of phantom and fiber optic imaging system for detection of the

depth of fluorescence penetration in a homogenous scattering solution. The fibers are

inserted into the center of the phantom for detection of fluorescence and relayed to an
"interfacing plate" which the ICCD camera system images.

The second phantom constructed was a transparent and sturdy Plexi-glass
cylindrical container with a 22-cm diameter and 11-cm height. Similarly, a series of 9
holes, I mm in diameter with 1 mm drill bit, were drilled in a single line starting 1 cm
below the phantom top edge to 1 cm from the phantom bottom edge. The holes were
drilled with a drill machine to an exact interval distance of 1 cm. The 10 fiber optics
were inserted all the way into the phantom center through these holes and fastened with

Mr. Sticky's water Glue®. Figure 3.7 is a photograph of the cylindrical phantom.
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Figure 3.7 Photograph of cylindrical phantom with fiber optics inserted into the center
for fluorescence depth measurements.

The opposite fiber optic ends which were not inserted in the phantom were
arranged in a single line and inserted into a black interfacing plate which can be imaged
by the ICCD camera system. The point-source point-ICCD detection method was
previously developed at the Photon Migration Laboratories for tomography studies.'®’

The phantom was filled with a scattering solution, Liposyn®  (Abbott
Laboratories, North Chicago, IL 60064) at either 0.5 or 1% v/v water. Liposyn® is a
milky colored, intravenous fat emulsion commonly used for scattering measurements but
traditionally used as a nutritional supplement in animals and primarily made of soybean
and safflower oil. In addition to the Lipoysn®, India ink was added at either 0.02 or
0.04 vol% to increase the absorption optical properties of the system. The Liposyn®
emulsion chosen for the imaging study herein is a surrogate to true tissue because its
scattering properties (L, and ps’) are similar to that of breast tissue. For fluorescence

measurements, either indocyanine green stabilized with a molar excess of
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polyaspartate'®® or DTTCI, 3.3 -diethylthiatricarbocyanine idodide, (Sigma Aldrich) was
uniformly mixed into the Liposyn® solution at a concentration of 1.0 uM. Indocyanine
green and DTTCI have lifetimes of 0.56 ns and 1.18 ns, respectively. Both dyes absorb
at 785 nm and emit fluorescence at 830 nm, so that similar optical filtering and
excitation light can be used to compare fluorescence depth detection at different
fluorophore lifetimes. Optical properties (M, and us’) were independently measured at

the Photon Migration Laboratories'® " '*°

using a photo-multiplier tube detector, 785-nm
laser diode point source, and frequency-domain instrumentation that through a
heterodyne detection scheme provided measurements of lac and 0, at different source
detector separation distances and modulation frequencies. A MatLab code developed by
Dr. Tianshu Pan'" of the PML was used for a regression of the FDPM data to obtain the

reduced scattering coefficient and absorption coefficient. Table 3.1 provides a summary

of the phantoms studied and their computed optical properties.



Table 3.1 Summary of phantoms investigated with the resulting optical properties measured using FDPM heterodyne
instrumentation at the PML. The summary includes the concentration of Liposyn® and absorbing ink used, type of
fluorophore employed and resulting optical properties.

Optical properties (+ std. dev.)

'

Solution, phantom I or II

Liposyn® India ink Dye and

(date_experiment #) concentration  concentration  concentration (c;ll_l) (c!;q'l)
(vol %) (vol %) (uM)
1,1(042304) 0.5 0 ICG 0.098 0.1 5
11 (042505) 0.5 0.02 ICG 1.0 0.18 (£ 0.012) 10.2 (+£0.53)
2,11 (031805 3) 0.5 0.02 DTTCI 1.0 0.047 (£0.0117) 15.6 (£16.7)
11 (042505) 0.5 0.02 DTTCI 1.0 0.062 (+0.008) 7 (£0.6)
3,1(042904) 1.0 0 ICG 1.0 0.1 10
4, 11 (022805) 1.0 0 ICG 1.0 0.12 (£0.001) 21.6 (£0.19)
5,11 (030105) 1.0 0 ICG 1.0 0.12 (£0.0016) 21 (+0.24)
6,11 (031705 2) 1.0 0 DTTCI1.0  0.043 (£5.7¢-004) 21.5 (x0.19)
7, 11 (022805) 1.0 0.04 ICG 1.0 0.32 (+0.0129) 20.9 (£0.4)
11 (042605) 1.0 0.02 ICG 1.0 0.17 (£0.005) 9.6 (+0.45)
8,11 (031705 1) 1.0 0.02 DTTCI 1.0 0.063 (+5e-004) 17.3 (£0.2)
9,11 (031805 1) 1.0 0.02 DTTCI 1.0 0.072 (£0.0013) 18.8 (£0.64)
10, 11(031805_2) 1.0 0.02 DTTCI 1.0  0.063 (+3.5e-004) 28.7 (£0.46)

89
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In addition to homogeneous phantom measurements, a fluorescent target was
constructed to mimic the heterogeneous nature of breast tissue with lymph nodes. The
fluorescent target was a 1 x 1 x 1 cm’ clear plexi-glass cube filled with the 1 pM of the
fluorescing Liposyn® solution. The target was immersed in a phantom at a fixed (X,y,z)
location with either no fluorescence in the background or a fluorescence
background:target concentration ratio of 100:1. Figure 3.8 is an illustration of the
experimental set-up for the phantom containing a target and Figure 3.9 is a photograph

of the target.
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Figure 3.8 Illustration of heterogeneous phantom containing a fluorescent target.

" filters

Figure 3.9 Photograph of the fluorescent target used in the heterogeneous phantom study.
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For fluorescence measurements, a planar 785-nm modulated laser source
illuminated the Liposyn® surface. The laser power was adjusted at 70 mW for
maximum modulation depth and expanded to 5 cm in diameter. For each experiment
data was collected at a range of modulation frequencies (0 to 130 MHz) in increments of
30 MHz so that the total number of experiments conducted was the number of dyes time
the number of modulation frequencies. Imaging was accomplished by focusing a
standard Nikkon camera lens at two different surfaces. For the phantom containing a
florescent target, fluorescent light was collected both at the scattering surface where the
planar beam is incident and at the fiber points via the interfacing plate. Recall, the
interfacing plate holds the fibers, which carry fluorescence signals from directly within
the semi-infinite medium. For the homogeneous phantom studies, only the interfacing
plate was imaged. For all experiments to be compared, the exposure time, image
intensifier dc voltage setting, focusing distance, number of phase delays for homodyne
acquisition, f/# on the Nikkon lens, and laser beam power were kept constant. Multi-
pixel CCD images of lac, Ipc, and 6 were collected for each experiment following the

DAQ procedure discussed previously.

3.4 Optical and Gamma Imaging Instrumentation

In addition to phantom studies, the second phase of this thesis is the acquisition
of in vivo data from small animals, namely nude mice. Small animal imaging has been
developed by the Photon Migration Laboratories in collaboration with the University of
Texas M. D. Anderson Cancer Center under the direction of Dr. Chun Li. Accordingly,

a NIR fluorescence imaging system has been designed, constructed, and validated in



71

several previous works. Therefore to avoid redundancy this sub-section provides an
overview of the materials used for the small animal ICCD imaging. Yet in addition to
optical ICCD imaging, nuclear imaging studies were performed on nude mice for the
first time at the Photon Migration Laboratories, thus a description of nuclear imaging
instrumentation is provided with greater detail. Excerpts from Section 3.4 follow work
described in the Houston et al. manuscript to be published in the Journal of Biomedical

Optics, (2005).

3.4.3 Small Animal Optical Imaging System

Continuous wave optical imaging of fluorescent NIR photons was performed
with an ICCD system similar to the phantom/clinical imaging system described

previously.'*

The system consists of two complementary detectors, a NIR sensitive
image intensifier (model FS9910C ITT Night Vision, Roanoke, VA) and a 16-bit
dynamic range full frame Photometrics (model CH350, Roper Scientific, Trenton, NJ)
charge-coupled device camera. The CCD camera is does not have the fast frame transfer
architecture as the camera described previously, therefore requires a shutter to prevent
smearing during image readout. Additionally, the image intensifier was lens-coupled to
the CCD camera as opposed to the fiber coupled system developed for the clinic. The
full frame CCD camera imaged the 550-nm amplified light signal output at the
intensifier’s phosphor screen via a 40-mm Nikkor lens (Nikon, Japan). A 28- to 80-mm

zoom Nikkor lens (Nikon, Japan) facilitated the focusing of the whole-body of a nude

mouse on to the photocathode. For the small animal imaging studies presented herein,
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an equivalent field of view detection diameter of 11.5 cm (or 8.1 cm for three animals)
was used.

Fluorescence imaging on small animals was performed using similar laser and
optical accessories including: a 785-nm laser diode (80-mW 785-nm, model Sanyo
DL7140-201, ThorLabs, Newton, NJ), a plano-convex lens for beam expansion, a
holographic optical diffuser to provide a uniform excitation light field, a 785-nm
holographic notch band rejection filter (Kaiser Optical Systems Inc., Ann Arbor, MI,
model HNPF-785.0-2.0), and an 830-nm band pass filter (Image quality, Andover Corp.,
Salem, NH, model 830.0-2.0). In addition to fluorescence images, white-light images of
the nude mice were acquired by the CCD system, with no optical filtering and with a low

power lamp.

3.4.4 Small Animal Gamma Camera

Following the aims to translate optical imaging to the clinic, it is logical to
contrast optical imaging capabilities with the gold standard of molecular imaging,
nuclear gamma scintigraphy. Therefore for the animal studies herein, conventional
gamma imaging was accomplished with tools described below. Briefly, gamma imaging
follows the following steps: (1) upon '''In decay gamma photons are emitted
isotropically from within the animal, (2) the emitted gamma photons are collimated, (3)
the collimated gamma photons strike a scintillation crystal where visible photons
(scintillation light) are produced, and (4) the photons are then guided towards a
photomultiplier tube (PMT), which collects a ray sum of scintillation light used to

generate the projection image.
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Conventional gamma imaging involved an M.CAM small animal gamma camera
(Siemens, Hoffman Estates, IL). Figure 3.10 is a photograph of the camera with an
illustration indicating the different components that make up the gamma camera. The
commercially available system is equipped with an HD’ (High Definition Digital
Detector) mounted on a stand that can be manually adjusted and rotated. A collimator is
fitted over the entire detector plane and can be removed for replacement. The collimator
is protected by a placement template, which defines the area of the scintillation crystal
for placement of the animals over the fixed field of view (FOV) of 54.4 x 39.7 cm’.
The collimator is a medium energy low penetration (MELP) collimator with a resolution
of 4-20 mm and sensitivity of 237 cpm/uCi. The M.CAM instrumentation also includes
a SNAC (Siemens Nuclear Acquisition Computer) for controlling the M.CAM detector
functions, and an ICON™ computer for user interfacing and data processing. Static
nuclear imaging was achieved at medium energy collimation settings (237 keV energy
window) and by integrating the detector over a time interval of 15 minutes for which a
single planar gamma image was acquired. The M.CAM system produces a total imaging
matrix size of 1024 x 1024 pixels, and the image type was read as a 16-bit multi-pixel

array providing intensity counts on the order of 2'° levels of gray.
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Figure 3.10 Small animal gamma camera (photograph on left) and illustration of the
components of a conventional gamma camera (on right).

3.5 Fluorescence Point Detection Measurement System

This final instrumentation section lists the materials required for measuring
dynamic fluorescence changes in the blood stream of a nude mouse injected with a
fluorescent contrast agent. The instrumentation described below was developed to
measure fluorescence from the blood vessels in the ear and in turn acts synergistically
with dynamic ICCD measurements of fluorescence on the entire mouse body. The
instrumentation for fluorescence detection from ear blood vessels is presented in this
section and the proof of concept study for pharmacokinetic analysis of fluorophore blood

clearance is described in Section 5.2.
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Continuous wave optical imaging of fluorescent NIR photons is performed with a
point source, and CW emission light is detected at a single point on the skin surface of a
small animal. The measurement instrumentation is illustrated in Figure 3.11 and
consists of (i) a silicon diode detector, (ii) DAQ instruments, (iii) a fiber optic probe, and

(iv) optical accessories for fluorescence measurements.

lens filter

- 12 V supply

BNC

A/D

Figure 3.11 Illustration of fluorescence point detection measurement system for
detecting dynamic fluorescence changes in the blood of a live nude mouse.
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3.5.1 Avalanche Photodiode

A silicon avalanche photodiode (APD) module (model C5460-01, Hamamatsu,
Bridgewater, NJ) was chosen for the point detection measurements because of the need
for low level NIR light detection in a temperature-stable imaging environment. The
APD module provides dc photo-detection at a high gain and includes a low-noise
amplifier and a bias power supply. The module has a low-band cut-off frequency of dc
to 100 kHz permitting sensitive cw measurements. The effective active diameter of the
APD is 3 mm and the photoelectric sensitivity at 800 nm is maximized at 10° V/W. The
APD module shown in Figure 3.12 is powered by a 12-V dc power supply (model

12EB20, Acopican, Easton, PA).

Figure 3.12 Hamamatsu APD module used for cw fluorescence detection in vivo.
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3.5.2 DAQ Instruments

In order to collect the output APD voltage signal, an analog-to-digital conversion
is required. The small animal ICCD system described in Section 3.4.3 includes a laptop
computer for data acquisition therefore a DAQ system for the APD was designed to
interface to the same computer. A connector block (model BNC-2110, National
Instruments, Austin, TX) interfaces the analog output of the APD to an analog-to-digital
data acquisition card (model 6036E National Instruments, Austin, TX). More
specifically, a BNC-to-BNC cable carries the APD output signal to the noise rejecting,
and shielded connector block. The connector block is then coupled to a shielded 1 m
cable (model SHC68-68-EP, National Instruments, Austin, TX) which provides the
connectivity to a DAQ card. The DAQ card provides the analog-to-digital conversion of
the measured voltage signal from the APD and is interfaced to the laptop via a PCMCIA
slot. The DAQ card is 16-bit and can be configured for up to eight analog inputs and
operates at a maximum speed of 200 kS/s. Lastly, a LABVIEW software (National

Instruments, Austin, TX) DAQ routine is used for measurement control, read, and write.

3.5.3 Fiber Optic Probe

Fluorescence imaging was performed first by delivering a 785-nm excitation
source to the ear of the animal via a bifurcated fiber optic probe (RoMack Inc.,
Williamsburg, VA). The fiber probe illustrated in Figure 3.13 is used to deliver
excitation to and emission light from the animal's ear. A single fiber delivers 785-nm

excitation light from the laser source through one subminiature version A (SMA) 905,
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bifurcated end to the animal’s ear via a 1000-um fiber with a numerical aperture
equivalent to 0.37. At half the length of the fiber probe, the single source fiber is joined
with six detector fibers of same type. At halfway, the six detector fibers are packed in a
ring around the single source fiber and terminate by ferrule at a common end. Thus, the
bundle provides both light collection and light delivery for fluorescence measurements
in reflectance geometry. The bundle diameter is 0.25 inches and may be mounted
directly over the surface of the animal's ear. The six detector fibers thereafter deliver

emission light to the APD from the ferrule end to a second bifurcated ferrule leg.

3.5.4 Other Optic Accessories

In order to acquire fluorescence measurements, the SMA 905 emission end of the
fiber probe was positioned normal to two stacked, round, 1-in fluorescence filters so that
the collected light is filtered before being detected by the APD. An 830-nm band-pass
filter (Image quality, Andover Corp., Salem, NH, model 830.0-1.0) and 785-nm
holographic band rejection filter was used. The APD system described herein can be

used for multiple wavelength measurements by implementing different optical filter sets.
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permission from RoMack Inc.
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4. PHASE 1: IMAGING PHANTOMS

Depth penetration phantom studies using the gain-modulated ICCD camera
system, which is described in Section 3, are provided below. The measurable depth of
photon penetration is important for accurate sentinel lymph node localization as well as
for future use in tomographic reconstruction algorithms. The following section
describes phantom measurements validated by photon diffusion models to verify the
ability of the ICCD system to precisely measure photon migration at clinically relevant
depths and over a range of optical property combinations. In addition, these studies
explore certain phenomena such as the dependence of penetration depth on fluorescent

lifetime, continuous wave measurements, and frequency-domain measurements.

4.1 Probablistic Model of Penetration Depth

Probablistic models of photon diffusion have been studied in several situations
including for NIR light propagation in tissues,"”> prediction of the volume of light

193

probed in pharmaceutical powder blends, ~ and time-resolved fluorescence NIR light

+197 " Additionally, models describing the penetration depth of photons

propagation.
have been investigated.'”* **2% Yet these models are limited to non-fluorescing media,
shallow propagation, pulsed light sources, or frequency domain simulations that lack
experimental validation. Here, we use a frequency-domain fluorescence-enhanced
probability model to investigate the depth of penetration for frequency-domain optical

lymphography. The photon diffusion approximation to the radiative transport equation

can be analytically solved leading to a function describing the distribution of modulated
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fluorescence signals within tissues. Ultimately the solution, or probability density
function (PDF) describes the probability that a photon contributing to a photon density
wave is at depth, z, in a simulated homogeneous scattering medium.

The derivation of the PDF is described in two parts with the first component
describing the probability of a fluorescent or phosphorescent photon generated at time,
t*, and position, z, following a pulse of excitation light incident at the tissue surface at

time t=0. The probability, Ps is provided by Equation 4.1.

P (z.t")= Piler ]iexp(t'_t*JQX(z,t')dt' (4.1)

T T
The probability, Ps, depends on the generation of emission photons upon excitation at
time, t', from within the homogeneous and semi-infinite tissue, thus is expressed in terms
of the excitation fluence, @, [W/cm®]. Additionally, the probability depends on @, s,
and 7, the quantum efficiency of the fluorophore, absorption coefficient at the excitation
wavelength due to fluorophores, and the average lifetime of the fluorophore, respectively.

207 to

The excitation fluence is approximated from an analytic Green’s function solution
the time-domain diffusion equation and is shown in Equation 4.2. The excitation fluence
is solved by defining a semi-infinite and homogeneous medium in which the source and
detector are positioned on the same surface; Figure 4.1 illustrates the semi-infinite

geometry. By employing the zero-fluence boundary condition in which the fluence is

equal to zero at z = 0, the excitation solution can be defined.

c —(z-2z,) —(z+z,)
@, (z,t')= - - t' 4.2
(21) (4xDet)? P per TP 4Det }XP[ (#a)et ] (4.2)
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In Equation 4.2, D is the diffusion coefficient at the excitation wavelength and is given

1

by: D=———
3(ﬂax+ﬂs')

(4.3)

Additionally, z' is the reduced scattering coefficient at the excitation wavelength and
Max 1s the total absorption at the excitation wavelength due to tissue chromophores and
embedded fluorophores. The constants, ¢ and z,, are the speed of light and the position
of the photon source, respectively, and the vector z, represents the depth location.
Equation 4.2 is uni-directional to model the propagation of a planar wave within the
semi-infinite tissue sample. Figure 4.1 is portrays the propagation of a planar photon

density wave.

Area illumination with laser Area detection with ICCD camera
diode; a planar source is emitted ~ System; multiple point detectors are
att=0. detected at t.

P lanar wave ) °
propagation 2 cue .

spherical wave propagation *®eee® .

Figure 4.1 Illustration of photon propagation through a scattering solution. Illumination
with an expanded beam at time t=0, creates the planar propagation of excitation light.
The excitation light is absorbed by a fluorophore at time t’ and spherical fluorescence
emission is emitted at time t*. The fluorescent or phosphorescent photon travels to the

surface to be detected at time, t. The transit time from emission to the surface is
described by time t-t*.
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Continuing to describe the fluorescence process in PDF form, a second
expression is taken, which describes the probability, Pp, that a spherically emitted
fluorescent or phosphorescent photon produced at position (r, z) and time (t-t) is
observed. The probability of an isotropically emitted photon, which is also illustrated in

Figure 4.1, is equivalent to the emission fluence, @y, [W/cm?], given by:

) C© (zmz) (1) 2wz (1) | o v)] (44
@, (r.z.t t)_[47rDc(t—t*)]% I SN STy exp| — (s, )t —t) | (4.4)

where t* is the time when photons are emitted from the excited fluorophore, and t is the
time when emission photons reach the surface and are detected. The emission solution
differs from the excitation solution because it represents the propagation of a spherical
photon density wave, where r* =y* + x°.

The probability density function that describes photon fluence at position z and
any time from the start of the planar, pulsed light source to the time at which a lower
energy photon is created, spherically emitted, and detected is the summation of the
product of Ps (T, z, t*) and Pp (z, t-t*) over a finite time. The product of Ps and Pp is
based on the assumption that reciprocality is applicable for propagation of a planar
excitation wave and subsequent emission of a spherical wave. The principle of
reciprocality which assumes that a photon detected at depth z’, after being emitted from
position Z,, has an equivalent detection probability as a photon detected at depth z, after
emission from position 2’ was valid in previous work by Pan'” and Sevick-Muraca.'”

However, for the case of a planar excitation wave propagation and spherical emission
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wave propagation, reciprocality is assumed. Equation 4.4 provides the total probability,

P(z, t), summed over all detection times, t:

P(z,t)=[[ P (2.t')- Py (r.zt-t") jat

*

o t—

4.5)

t t'=t"

j: D, (r,z,t-t) e [ o (zt)dt |d
=0

t

t T

t'=0
For the computations herein, the probability is represented as a normalized value
by the following ratio:

R(z.1)

p =12 4.6
normalized P ( 7 , t ) ( )

where Pi(z, t) is the probability [W/cmz] at the depth, z;, and time t; and P,y is the
maximum probability [W/cm?] value over the generated probability data for all times, t,
and depths, z.

Sevick-Muraca and Burch'® were the first to describe this process in the time
domain and with a spherical point source, yet a frequency-domain representation is
desired to predict the propagation of a planar and modulated light source. Therefore, the
uni-directional PDF in the time-domain, P(z, t), is Fourier transformed to obtain the
frequency-domain representation, P(z, ®). A time-domain starting point provides ease

of computation before conversion to the frequency domain by the following:

0

P(Z,a)) = S[P(Z,t)] = I exp(ia)t'){:[[Ps (z,t*). P, (r,z,t —t*)]dt*}dt’ 4.7)

—00
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The purpose of the probability function is to investigate which depth in the scattering
domain contributes most to the detected photon signal, thus the mean depth of photon

visitation is computed by the following equation:

_'[P(z,a))-zdz

= 4.8
IP(z,a))dz (*48)

(2)
where <z> is the mean depth of photon occurrence using the probability function, P(z, ).

4.2 Probability Distributions in the Frequency Domain for a Homogeneously

Distributed Fluorophore Excited by a Planar Wave

Using Equation 4.7, the probability of detecting photons at any depth z, for
different frequencies ®, can be estimated using any familiar mathematical modeling
software. The discrete FFT of Equation 4.5, which should resemble a Gaussian-like
distribution, was computed using MatLab (The MathWorks, Inc.) and follows the steps
below:

1. A discrete time array is first defined for a series of time points that range from t =

0 to t = tfina. The time array, which can also be depicted by 0 <t < t5na, has a

total number of time points that is equivalent to a factor of 2". The number of

discrete time points, N= 64, is chosen to maximize the computational effort of the

FFT and render an accurate solution. Two time arrays were created to observe

fluorescent and phosphorescent signals at the tissue surface. First, tfinag = 6 ns

was used to calculate the PDF when fluorescent lifetimes were employed.
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Similarly, an array with tina = 25 ns was generated to compute the PDF when a
phosphorescent lifetime was simulated.

. Uni-directional time-domain probability data, P(z, t), are then generated using
Equation 4.4, for the discrete range of times created in step 1. Calculation of P(z,
t) is also dependent on the vector, z, which represents the depth within the tissue.
The resulting time domain probability solution therefore is a matrix with
probability values computed for each combination of discrete depths and time
points.

The simulated probability data, P(z,t), are then Fourier transformed by a discrete,

or fast, Fourier transform.

. A frequency spectrum, S[P (Z, a))] , is obtained by the transform of P(z,t).

P(z,®w) is then computed by taking the modulus of the complex frequency
spectrum.

. Lastly, a frequency array is created to plot the resulting probability, P(z,w),
versus ®. The discrete frequency array, 0 < ® < ®snal, 1S calculated based on the

previously described time array. More specifically, 0 < ® < 1/At,

t.  —t ..
where At:%, N is the number of samples computed, tiniia = O,

andAa)zz—”.
N At
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Ultimately, the frequency domain PDF provides the probability for the occurrence of a
spherically emitted photon in a homogeneous, semi-infinite tissue medium following

excitation by a planar and modulating photon density wave.

4.3 Analytical Predictions for Comparison to Phantom Experiments

A comparison of the probability solutions to experimental measurements requires
a direct solution of Ixc and 0 from Equation 4.7. Therefore an analytical solution to the
frequency-domain diffusion equation is used. Employing an extrapolated boundary

condition®®® for a semi-infinite homogeneous medium, Li et al. defined the following:*”

@, (r.r,,0)= |Cr:((:)| [exp(ikX |r-r,|)—exp(ik, |r - rs|)]
4.9
_‘:_:_(—:?‘[exp(ikx r-rsebc )_exp(ikm ‘r_rsebc )} (4.9)

where: r is the position of the real source and re™

is the position of the image source
with respect to the extrapolated boundary condition. The variables C and k are defined

by the equations below:

PSS | 1+ier 1
“@= o, L+(a)1)2}{kxz —kmz} (4.10)
kz(a’)=—|w;§ﬂa 4.11)

where S is the source power; ¢, is the quantum efficiency of the fluorophore; z4yr is the
absorption coefficient of the fluorophore at the excitation wavelength; Dy and D, are the
excitation and emission diffusion coefficients, respectively; and @ is the frequency. Li

et al. found this solution to agree with finite difference methods to within 3% accuracy
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in Ixc and 1.2° in 0.2 With the ICCD camera system, 0 and Ixc can be measured

directly and translate to the photon fluence by the following relationships:

0 = arctan M (4.12)
REAL[®, ] '
e = (MAG[@, T +REAL[®m]2); (4.13)

Therefore, experimental data can be directly compared to the analytical solutions.

4.5 Experimental Design

To replicate experimentally the photon migration models presented in Sections
4.1 through 4.3 as well as mimic clinical optical lymphography conditions, tissue
phantoms were constructed and an experimental design to measure the mean depth of
photon occurrence was developed. The experiments involve two tissue-mimicking cases:
(1) a homogeneous optical property distribution with a uniform concentration of
fluorophore and (2) a single fluorescent target within a homogeneous optical property
background that has either no fluorophore or a uniform concentration of fluorophore in
the background. Only case (1) may be directly compared to the analytical solutions
described previously since reciprocality is not applicable between a plane wave and a
spherical wave solution for a heterogeneous optical properties distribution. Figure 4.2

illustrates this difference in heterogeneity for both phantoms constructed.
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Figure 4.2 The phantom on the left contains a homogeneous distribution of optical
properties having a uniform distribution of fluorophore, which is depicted by the green
shaded area. The phantom on the right contains a cubic fluorescent target with optical
properties different from its homogeneous surroundings, which is illustrated by the
difference in color between the target and background. As depicted in the homogeneous
phantom, a planar wave propagates through the medium and upon reaching a
fluorophore at any location a spherical emission photon density wave is produced.
Alternatively, with a phantom containing a fluorescent target, the propagating photon
density wave reaches the target region, which is the only location where spherical
emission waves are produced.

4.5.1 Homogeneous Experiment
Investigating depth of penetration with a geometry that houses no fluorescent
targets and lacks heterogeneity in the fluorescence distribution involves construction of a
simple phantom, which was described in Section 3.3. Using a homogeneous phantom,
the optical properties (1, and p’) and fluorescent lifetime were altered by varying the
concentration of scattering solution and absorbing dye, and by altering the fluorophore

used to either a dilute solution of ICG or DTTCI. Additionally, to investigate the impact
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of time-resolved measurements, namely modulated light detection, measurements at
different modulation frequencies were obtained. Table 4.1 outlines the range of

experiments performed for each fluorescent lifetime investigated.

Table 4.1 Matrix of experiments performed for homogeneous phantom measurements in
which either ICG or DTTCI was used. The frequency was varied in increments of 30
MHz starting from 30 MHz to 130 MHz, and the scattering solution was either a 1%
(vol/vol) solution of Liposyn® in water or a 0.5 % solution.

Frequency (MHz) 30 60 90 100 130
1%
ICG
0.5% Measured lac and O:
1% 10° M homogeneous concentration
DTTCI
0.5%

Owing to the same excitation and emission spectra and differing lifetimes, the
two fluorescent dyes, ICG and DTTCI, were used to compare the ability of the ICCD

camera system to resolve fluorescent lifetime changes at ranging penetration depths.

4.5.2 Heterogeneous Experiment

In addition to the homogeneous phantom measurements, phantom studies with a
fluorescent target were acquired to simulate the presence of a fluorescent sentinel lymph
node within tissue. Section 3.3 provides details on the target construction. Since the
direct match of probability distributions and experimental measurements are not entirely

correct owing to lack of reciprocality, only the experimental results are investigated for
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the depth of experimental photon detection. Table 4.2 provides a matrix of the

experiments performed with a fluorescent target.

Table 4.2 Matrix of experiments performed for heterogeneous phantom measurements in
which either ICG or DTTCI was used. The frequency was varied in increments of 30
MHz starting from 30 MHz to 130 MHz, and the scattering solution was a 0.5 % (vol/vol)
solution of Liposyn® in DIUF water.

Frequency (MHz) 30 60 90 100 130
ICG 0.5% Measured Iac and 0:
10° M in target to10™ M in background
DTTCI  0.5% and

10 M in target to 0 M in background

Similar to the homogeneous phantom studies, a range of frequency
measurements were acquired. The background concentration of fluorescence was varied
to either have no fluorophore or a concentration ratio of 100:1 target-to-background
fluorescence. Lastly, for each case, measurements were acquired at three target depth

locations: 1.5 cm, 3.5 cm, and 5 cm below the phantom surface.

4.6 Results and Discussion on Probability Analysis Predictions

The final and uni-directional probability models, P(z,w) and P(zt), were first
plotted to observe the change in photon occurrence from zero to 4 cm beneath the tissue
surface. Figure 4.3 is an example of the time-domain PDF solution using Equation 4.4

and is plotted versus z at different times, t. The plot represents the probability that a
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spherically emitted wave occurs after being excited by a planar excitation pulse of light.
Five different probability distributions are plotted in Figure 4.3 representing five
arbitrarily chosen times at which the probability solution was observed. The times range
from approximately 0.2 to 2.3 ns. Additionally, Figure 4.3 represents probabilities

calculated based on a fluorophore with spontaneous re-emission in which the lifetime is

Z€10.
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Figure 4.3 Normalized probability distribution of fluorescence spontaneously re-emitted
over the depth, z, and for varying times, t. The reduced scattering and absorption
coefficients are equivalent to p;’=10 cm™! and Uaxe= 0.02 cm'l, respectively.

Likewise, Figure 4.4 represents the time-domain probability calculated from
Equation 4.5; however the solution was computed using a phosphorescent lifetime equal

to 10 ns. The probabilities are observed at different time points than those sampled in
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Figure 4.3 because longer sampling times were required for the observation of
phosphorescent signals. The times chosen ranged from 2.7 to 16.7 ns. As in the
spontaneous re-emission case, the phosphorescent photon probability solution describes
the occurrence of a spherically emitted photon subsequent to excitation by a planar pulse

of light.

Probability with a lifetime of 10 ns
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Figure 4.4 Normalized probability distribution of fluorescence from a fluorophore with a
lifetime of 10 ns distributed over the dimensionless depth, z, and for varying times, t.
The reduced scattering and absorption coefficients are equivalent to p;” = 10 cm™ and

Haxe= 0.02 cm'l, respectively.

The time-domain probability distributions presented above show that there is a
dependence of penetration depth on two factors: (1) the fluorophore lifetime and (2) the
time at which the emitted signal is detected at the tissue surface. In Figure 4.3, which

presents probability distributions simulated for a spontaneously emitting fluorophore, it
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is shown that tissues contributing most to the detected signal are either closer to the
surface or significantly deeper depending on the time of detection. This is in opposition
to the probability simulation presented in Figure 4.4, in which a long-lived lifetime equal
to 10 ns was studied. The tissue depths probed are consistently shallow for any time, t,
when a phosphorescent signal is detected. The probability functions which provide
planar wave excitation and spherical wave emission resulted in simulations that agree
with previous results from Sevick-Muraca.'”

In addition to the time-domain results, the frequency-domain probability models
are plotted below based on computations from Equation 4.7. The plotted data represent
the probability that a modulated and spherical emission wave occurs after being excited
by a modulated and planar excitation light source. Figure 4.5 provides the resulting
probability distributions plotted versus z at different frequencies, ®, and for a
spontaneous emission lifetime. The five probability distributions in Figure 4.5 were
calculated at five arbitrarily chosen frequencies. The frequencies range from

approximately 0 to 100 MHz.
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Figure 4.5 Normalized probability distribution of fluorescence spontaneously re-emitted
over the depth, z and for varying frequencies, ®. The reduced scattering and absorption
coefficients are equivalent to p,’ = 10 cm™ and = 0.02 cm™, respectively.

Figure 4.6 is an illustration of the frequency-domain probability results for a
phosphorescent fluorophore with a lifetime equal to 10 ns. Like Figure 4.5, the plot
below represents five probability distributions taken from five different frequency
simulations. The frequencies sampled are 0, 20, 40, 80, and 100 MHz. As in the
spontaneous re-emission case, the phosphorescent photon probability solutions describe
the occurrence of a spherically emitted photon subsequent to excitation by a planar and

modulated light source.
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Figure 4.6 Normalized probability distribution of fluorescence from a fluorophore with a
lifetime of 10 ns distributed over the depth, z and for varying frequencies, ®. The
reduced scattering and absorption coefficients are: p’=10 cm™, pax=0.02 cm.

The frequency-domain PDF plots show that tissues contributing to the detected
signal depend on two factors: (1) the modulation frequency and (2) the fluorophore
lifetime. Figures 4.5 and 4.6 both reveal maximum probabilities at modulation
frequencies equal to zero. The probabilities obtained for the continuous wave case agree
with the inherent trend of penetration depth decrease following modulation frequency
increase. Also upon comparing Figure 4.5 to 4.6 it is apparent that the depth of tissue
sampled changes with fluorophore lifetime. That is, the bulk of the detected signal is

consistently shallow when a phosphorescent fluorophore is present compared to the
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deeper and shifted detected signals resulting from spontaneous fluorophore emission.
The frequency-domain results therefore agree with the time-domain solutions.

In addition to the probability distributions, the mean depth was plotted following
Equation 4.8. The mean depth was evaluated for both the time-domain as well as
frequency-domain case and was computed for three lifetimes: 0, 1, and 10 ns. Figure 4.7
provides the mean depth versus detection time and mean depth versus modulation
frequency. The time-domain results clearly show that as lifetime increases, the mean
depth becomes shallower, asymptotically reaching a smaller number than the
spontaneously emitted mean depth value. The resulting mean depth computed in the
frequency-domain result show a decrease in the depth of photon penetration with
increasing modulation frequency. Additionally the mean depth is overall larger when a
spontaneously emitted fluorophore is present as opposed to when 1 ns and 10 ns
fluorescent and phosphorescent lifetimes are detected. Thus, the frequency domain
results substantiate the fact that detected fluorescence signals originate from deeper in
the tissue when emitted spontaneously by a fluorophore. Also revealed in Figure 4.7 is a
small perturbation in the mean depth computed from a signal that is phosphorescently
emitted. The perturbation occurs from ~ 10 to 50 MHz. A possible explanation for the

mean depth perturbation may be due to the relationship’’ between modulation frequency

and fluorophore lifetime, ® E2L . The relationship describes a modulation frequency,
T

o, that will maximally perturb a detected emission signal from a fluorophore with a

lifetime equal to t. Thus, the optimum frequency at which to measure a fluorophore
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with a lifetime of 10 ns, is approximately 15 MHz. The mean depth perturbation

revealed in Figure 4.7 may be a result of that phenomenon.
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Figure 4.7 Mean depth, <z>, versus detection time, t, (a), and mean depth, <z>, versus
modulation frequency, o, (b) calculated from a PDF analysis on a fluorescent solution
with uniform concentration of fluorophore at lifetimes of 0, 1, and 10 ns.
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4.7 Results and Discussion on Homogeneous Phantom Experiments vs. Analytical

Predictions

The simulated mean depth and probability values reveal important dependencies
of penetration depth on frequency and fluorescence lifetime; therefore the phantom
experiments were inspected closely for similar traits. The experimental data was
processed and the results were compared to the analytical solution computed by
Equation 4.9. Several homogeneous phantom studies were performed, as outlined in
Table 4.1; however only limited results are presented below, all of which are indicative

of the overall phantom study results. Figures 4.8 through 4.12 show the typical Iac, 0,

pred _ I exp

lac relative error, 2<——AS %100, and absolute 0 error, 8™ —@°" , obtained from

pred
AC

homogeneous phantoms measured at 30, 60, 90, 100, and 130 MHz. The normalized
experimental data points measured at discrete 1 cm increments are plotted with
predictions, indicated by the solid lines. The 6 data error bars represent the standard
deviation in the extracted multi-pixel regions of interest from the phase images.

Figure 4.8 is an example of Iac and 0 results measured at 30 MHz for a phantom
with © = 1.18 ns, p,= 0.063 cm™, and p, = 17 cm™. As seen in the figure below, the
normalized lac decreases with increasing depth whereas 0 increases. The lac error
becomes larger at depths above 4 cm. Also, the standard deviation in the 0 value
increases at depths above 4 cm, which is a result of the noisy and highly attenuated
fluorescence signal obtained from deeper within the tissue phantom. All experimental

data points with a modulation depth (Iac/lpc) greater than 0.05 were plotted. All other
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data were regarded as instrument noise and thus was not considered relevant lac or 0
measurements. For the overall results obtained, the lac relative error and absolute 0

219 obtained by a similar

error were found to be equivalent to previously measured data
ICCD system at the PML.

Similarly, Figure 4.9 provides the results of Iac and 6 measured at 60 MHz for a
phantom with the following properties: T =1.18 ns, = 0.063 cm™, and ps =17 cm™. As
in the 30 MHz measured data, 60 MHz results show an increase in noise at depths above
5 cm. However, despite the noise increase, the lac and phase measurements remain
close to the predicted values and can be resolved to depths up to 9 cm. Figures 4.8 and
4.9 represent data obtained from DTTCI, a fluorophore with a lifetime equal to 1.18 ns.
Alternatively, Figures 4.10 and 4.11 are representative Iac and 0 data obtained from a
phantom with a homogeneous distribution of ICG, which has a lifetime equal to 0.56 ns.

Figure 4.10 displays results measured at 90 MHz for a phantom with u, equal to 0.18 cm’

! and i, equivalent to 10 cm™,
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Figure 4.8 lac (top left), O (top right), lac relative error (bottom left) and absolute 0 error
(bottom right) vs. depth measured at 30 MHz. Experimental data (dotted points) are
plotted with predictions (solid line) for a phantom in which p, = 0.063 cm™, pg' = 17 cm’

1

the pixel region of interest selected.

,and T = 1.18 ns. The error bars on the phase plot represent the standard deviation in
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Figure 4.9 lIac (top left), O (top right), lac relative error (bottom left) and absolute 6 error
(bottom right) vs. depth measured at 60 MHz. Experimental data (dotted points) are

plotted with predictions (solid line) for a phantom in which p, = 0.063 cm™, pg' = 17 cm’

1

,and T = 1.18 ns. The error bars on the phase plot represent the standard deviation in

the pixel region of interest selected.
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Figure 4.10 Iac (top left), O (top right), Iac relative error (bottom left) and absolute 6
error (bottom right) vs. depth measured at 90 MHz. Experimental data (dotted points)
are plotted with predictions (solid line) for a phantom in which p, = 0.18 cm™, pg' = 10
cm™, and = 0.56 ns. The error bars on the phase plot represent the standard deviation

in the pixel region of interest selected.
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Figure 4.11 Iac (top left), O (top right), Iac relative error (bottom left) and absolute 6
error (bottom right) vs. depth measured at 100 MHz. Experimental data (dotted points)
are plotted with predictions (solid line) for a phantom in which p, = 0.1 cm™, p' = 5 cm’
! and t=0.56 ns. The error bars on the phase plot represent the standard deviation in
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Figure 4.12 Iac (top left), 6 (top right), Iac relative error (bottom left) and absolute 6
error (bottom right) vs. depth measured at 130 MHz. Experimental data (dotted points)
are plotted with predictions (solid line) for a phantom in which p, = 0.0063 cm™, p' =
17 cm™, and © = 1.18 ns. The error bars on the phase plot represent the standard
deviation in the pixel region of interest selected.

Indocyanine green had a higher measured absorption coefficient than DTTCI at

the same concentration; the value generally differed by an order of magnitude.

Nonetheless, as shown in Figure 4.10, lac and 0 data were fully resolvable at depths up

to 9 cm. Additionally, the ICCD camera system measured lac and 0 at an overall lower
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modulation depth at 90 MHz which resulted in noisy measurements compared to all
other modulation frequencies. Figure 4.11 displays results measured at 100 MHz for a
phantom with t =0.56 ns, p,=0.1 cm™, and pg =5 cm™.

In Figure 4.11, the phase measurements decrease at 7 cm, indicating the increase
in measurement noise. Lastly, Figure 4.12 presents the Iac and 0 data measured at 130
MHz. The tissue phantom for the data in Figure 4.12 contained the following properties:
t=1.18 ns, p,= 0.063 cm'l, and ps =17 cm™,

The experimental data represent half of the total distance the photon density
wave travels before detection on the tissue surface. Recall the probability density
function computes the total signal as it propagates into the tissue and is re-emitted at the
surface. Therefore, the measured lac and 6 values can only compare to the first part of
the simulated probability function, Ps. Nonetheless, based on the principle of
reciprocality, the fluorescence photon density wave can be expected to behave similar to
the probability results upon changes in ® and t. Therefore in addition to simply
examining experimental data accuracy relative to predictions, phantom results were
compared to each other to inspect the dependence of penetration depth on p,, s,
fluorescence lifetime, and modulation frequency. Figures 4.13 through 4.15 present
typical results from experiments in which the values of W,, Us', ®, or T, were altered.
Figure 4.13 provides the results from homogeneous phantom experiments in which the
absorption coefficient, 1., was varied from 0.04 to 0.12 cm™. All other phantom optical
properties were held constant so as to compare the maximum tissue depth probed and

ability of the ICCD system to measure small changes in the absorption coefficient at



107

clinically relevant depths. From Figure 4.13, it is apparent that increasing the absorption
coefficient decreases the tissue penetration depth, which is reflected in the Iac
measurement. The 0 value also decreases with increasing i, but to a lesser extent than
the lac values. Owing to the small change in 0, the ICCD measured data did not
significantly detect changes p, by time-of-flight measurements. Additionally, the
maximum penetration depth measured was 9 cm with the phantom having p, = 0.04 cm™
and 6 cm for the phantom having p, = 0.12 cm™.

Similarly, Figure 4.14 provides the results from homogeneous phantom
experiments in which the reduced scattering coefficient, ps,' was varied from 3 cm™ to
10 cm™. It is apparent that a change in the reduced scattering coefficient greatly affects
both the measured Iac and 0 values. The lac value increases and the measured 6 value
decreases upon a reduction in scattering coefficient. The ICCD system was able to
accurately measure the aforementioned changes owing to scattering up to depths of 7 cm
for both Iac and 6 measurements. Accordingly, the phase value was measured at a
greater accuracy up to 9 cm for the lower scattering phantom, whereas the maximum

depth measurable by phase was 4 cm for the highly scattering phantom.
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Figure 4.13 Experiments (dotted line) vs. predictions (solid line) for a highly absorbing
(blue color, p, = 0.12 cm™) and low absorbing (red color, p, = 0.03 cm™) phantom (' =
10 cm™. The amplitude (top left), phase (top right), amplitude relative error (bottom left)

and absolute phase error (bottom right) are plotted versus depth. The error bars on the
phase plot represent the standard deviation in the pixel region of interest selected.
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Figure 4.14 Experiments (dotted line) vs. predictions (solid line) for a highly scattering
(red color, pg' = 10 cm™) and low scattering (blue color, ' = 20 cm™) phantom (p, = 0.1
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and absolute phase error (bottom right) are plotted versus depth. The error bars on the
phase plot represent the standard deviation in the pixel region of interest selected.
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Figure 4.15 Experiments (dotted line) vs. predictions (solid line) for high frequency (red
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Alternatively, Figure 4.15 shows the dependence of measured Iac and phase on
modulation frequency. Figure 4.15 compares phantom measurements at 30 and 130
MHz and clearly demonstrates that the modulation frequency to a greater extent alters
the measured phase value than the measured lac value. The ICCD system accurately
detected a phase change in modulation frequency at a depth of 9 cm. However, the AC
intensity measurement could not distinguish the same changes in the modulation
frequency. An important factor therefore, in detecting maximum penetration depths is
the use of time-resolved measurements.

Recalling from the previous sections that fluorophore lifetime also plays a large
role on the origin of measured fluorescence signals, two phantoms were constructed
having similar optical properties and differing fluorescent lifetimes. Two fluorophores
having a lifetime difference of 0.62 ns were compared. Although the probability results
compared a lifetime change of 10 ns, for the phantom experiments herein, a
phosphorescent fluorophore was not used owing to dissimilar excitation and emission
spectra.

It is apparent in Figure 4.16 that the measured and predicted Iac and 6 values
change upon a difference in fluorescent lifetime. Moreover, as the lifetime increases, the
measured lac decreases and measured O value increases. The ICCD system could
accurately detect changes in lifetime up to 9 cm for the phantom with the lifetime equal
to 1.18 ns. Alternatively, the ICCD system measurements were resolved to a depth of 8
cm for the phantom with the shorter lifetime fluorescent medium. Although the greater

penetration depth measurable was found for the longer lifetime, opposite to the PDF
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results, the data are not indicative of the probability simulation owing to differences in

absorption between the two phantoms. Moreover, small changes in lifetime may not

impact the mean depth probed as do larger changes such as 10 ns. Nonetheless, the

results are significant for the translation of the imaging system to a clinical situation

because they demonstrate that the ICCD system provides robust measurements upon

small changes in optical properties.
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Figure 4.16 Experiments (dotted line) vs. predictions (solid line) for a large lifetime (red

color, T = 1.18 ns) and small lifetime (red color, T = 0.56 ns ) phantom (u, =0.04 cm’,

1

s =10 cm™. The amplitude (top left), phase (top right), amplitude relative error
(bottom left) and absolute phase error (bottom right) are plotted versus depth. The error
bars on the phase plot represent the standard deviation in the pixel region of interest

selected.
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Similar to the calculated mean depth results from the PDF simulations, the mean
depth was computed on all experimentally obtained lac values. The mean depth results
provided a comprehensive outlook on penetration depths measurable by the ICCD
system. Figure 4.17 is a bar plot of the mean depth values computed from all
experiments; the results are displayed by either the 1.18 ns phantom results or the 0.56
phantom results so as to compare the over all mean penetration depth on fluorescent
lifetime. From Figure 4.17 it is apparent that the overall maximum depth measurable is
greater on the phantom having the longer lifetime fluorophore than with the phantom
having the shorter lifetime fluorophore. Although this is opposite from the probability
results, the maximum depth achieved is likely due to the lower absorption coefficient of
DTTCI fluorophores relative to ICG fluorophores. Also revealed in the mean depth
plots is the change in penetration depth owing to modulation frequency. The mean depth
decreases with increasing frequency, which is most apparent in the measured data from
the ICG phantoms. The DTTCI phantoms did not exhibit a similar trend, which may be
attributed to the overall greater depth of penetration due to the lower absorption

properties.



114

L3
I i R e o B il

1.2 -
1.15 -

<z>

1.1+

1.05

0.95
30 60 90 100 130

Frequency (MHz)

Figure 4.17 Mean depth experimental results for 30, 60, 90, 100, and 130 MHz. Data
were acquired from a phantom with a fluorophore lifetime of 1.18 ns (blue) and a
fluorophore lifetime equal to 0.56 ns (red). The error bars represent the standard
deviation computed on the mean value.

In addition to the computed experimental mean depth values, predicted mean
depth values were calculated and are plotted in Figure 4.18. The predictions were found
to be statistically similar to the experimental results, demonstrating the accuracy of the
ICCD system. The predictions also showed a similar trend of penetration depth decrease
following modulation frequency increase. Again, the overall mean depth was larger for

the 1.18 ns lifetime phantoms relative to the shorter lifetime phantoms.
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Ultimately, the purpose of the mean depth measurements was to (1) determine
the maximum depth measurable by the ICCD system for the application of sentinel
lymph node mapping, (2) to observe changes in mean depth due to increases in
fluorescent lifetime, and (3) examine how time-resolved measurements may impact the
measured penetration depth.  The homogeneous study resulted in Iac and ©
measurements which demonstrated that the ICCD system could accurately detect
changes in lifetime and modulation frequency at depths up to 9 cm. Moreover, 0
measurements are more sensitive to changes in fluorophore lifetime and modulation
frequency than lac measurements. Since photon time-of-flight measurements may more

precisely discriminate changes in fluorescence signals, and the ICCD system can
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accurately detect 0 at depths up to 9 cm, the time-resolved measurements may provide a

better means for measuring signals originating from deep within scattering tissues.

4.8 Results and Discussion on Heterogeneous Phantom Experiments

Fluorescence-enhanced optical imaging for sentinel lymph node mapping relies
not only on detecting signals at increasing tissue depths but also on detecting signals that
originate from small volumes located at a individual depths within the tissue.
Heterogeneous phantom studies provide a better surrogate for breast tissue containing
fluorescent lymph nodes; fluorescent targets suspended within the homogeneous tissue
phantom mimic the presence of lymph nodes. Section 4.5.2 provided a description on
the heterogeneous phantoms measured for the experiments herein. Since the Iac and 0
measurements on phantoms containing a target are not comparable to Equation 4.9, the
results are provided as Ipc, lac, 6, and modulation depth measurements only.

Figures 4.19, 4.20, and 4.21 provide the results from a phantom with a
fluorescent target located 1.5, 3.5, and 5.5 cm below the tissue surface, respectively.
The target contained a 1 uM concentration of ICG and the background phantom solution
contained no fluorophore. As revealed by each figure, the Ipc, lac, and O values are
maximally perturbed at the depth within the phantom where the target is located.
Measurements on the phantom with the target located at 5.5 cm do in fact reveal
perturbations, which indicate that the ICCD system may be sensitive to concentrated
fluorescent signals originating from a sentinel lymph node located up to 5.5 cm below

the tissues surface. The heterogeneous phantom measurements were also obtained at 30,



60, 90, 100, and 130 MHz.
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The data are plotted for each frequency to inspect the

difference in maximum depth detectable with changing modulation frequency.
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Figure 4.19 Normalized Ipc (top left), lac (top right), 6 (bottom left), Iac/lIpc (bottom
right) versus tissue depth for a 1 uM fluorescent ICG target immersed 1.5 cm below the
surface of a non-fluorescing phantom. The target optical properties were: p, = 0.12 cm™,
and p¢ = 10 cm™, and the background optical properties were: p, = 0.1 cm™ and ' = 10

cm”. Measurements were acquired at 30 (red points), 60 (yellow points), 90 (green

points), 100 (blue points), and 13

0 MHz (magenta points).
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Figure 4.20 Normalized Ipc (top left), lac (top right), 0 (bottom left), Iac/Ipc (bottom
right) versus tissue depth for a 1 uM fluorescent ICG target immersed 3.5 cm below the
surface of a non-fluorescing phantom. The target optical properties were: p, = 0.12 cm™,
and p¢ = 10 cm™, and the background optical properties were: p, = 0.1 cm™ and ' = 10

cm™'. Measurements were acquired at 30 (red points), 60 (yellow points), 90 (green
points), 100 (blue points), and 130 MHz (magenta points).
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Figure 4.21 Normalized Ipc (top left), lac (top right), 0 (bottom left), Iac/Ipc (bottom
right) versus tissue depth for a 1 uM fluorescent ICG target immersed 5.5 cm below the
surface of a non-fluorescing phantom. The target optical properties were: p, = 0.12 cm™,
and p¢ = 10 cm™, and the background optical properties were: p, = 0.1 cm™ and ' = 10

cm’”'. Measurements were acquired at 30 (red points), 60 (yellow points), 90 (green
points), 100 (blue points), and 130 MHz (magenta points).

Similarly, Figures 4.22, 4.23, and 4.24 provide the results from a phantom with a
fluorescent target located 1.5, 3.5, and 5.5 cm below the tissue surface, respectively.
The target however contained a 1-uM concentration of DTTCI so as to compare the
impact of fluorophore lifetime. Like the ICG target, the DTTCI target was immersed in
a phantom in which there was no fluorophore in the background. The results from the

DTTCI target are similar to the measurements obtained using ICG. At a 5.5 cm depth,
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the target caused a distinct perturbation in the 6 and Iac measurements. There was
however, no discernable difference in the maximum depth perturbed between the ICG

target and DTTCI target measurements.
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Figure 4.22 Normalized Ipc (top left), Iac (top right), 6 (bottom left), Iac/lIpc (bottom
right) versus tissue depth for a 1 uM fluorescent DTTCI target immersed 1.5 cm below
the surface of a non-fluorescing phantom. The target optical properties were: p, = 0.063
cm™, and pg' = 10 cm™, and the background optical properties were: p, = 0.01 cm™ and

i = 10 cm™. Measurements were acquired at 30 (red points), 60 (yellow points), 90

(green points), 100 (blue points), and 130 MHz (magenta points).
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Figure 4.23 Normalized Ipc (top left), lac (top right), 0 (bottom left), Iac/Ipc (bottom
right) versus tissue depth for a 1 uM fluorescent DTTCI target immersed 3.5 cm below
the surface of a non-fluorescing phantom. The target optical properties were: p, = 0.063
cm™, and p¢ = 10 cm™, and the background optical properties were: p, = 0.01 cm™ and

is' = 10 cm™. Measurements were acquired at 30 (red points), 60 (yellow points), 90

(green points), 100 (blue points), and 130 MHz (magenta points).
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Figure 4.24 Normalized Ipc (top left), lac (top right), 0 (bottom left), Iac/Ipc (bottom
right) versus tissue depth for a 1 uM fluorescent DTTCI target immersed 5.5 cm below
the surface of a non-fluorescing phantom. The target optical properties were: p, = 0.063
cm™, and p¢ = 10 cm™, and the background optical properties were: p, = 0.01 cm™ and

is' = 10 cm™. Measurements were acquired at 30 (red points), 60 (yellow points), 90

(green points), 100 (blue points), and 130 MHz (magenta points).
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In addition to measuring the fluorescence signal from a target immersed in a non-
fluorescing solution, phantoms were constructed to contain a 100:1 fluorophore
concentration ratio between the target and background. The presence of fluorophore in
the background is clinically relevant, particularly when a non-specific fluorophore is
injected into the body and will accumulate throughout both diseased and normal tissues.
Fluorescence may occur not only in the positive lymph nodes but in the surrounding
tissues and extravascular regions. Thus, the measurable Ipc, Iac, and 6 were investigated
for a phantom containing a target and fluorophore in the surrounding background.
Figures 4.25, 4.26, and 4.27 provide the results from a phantom with a fluorescent target
located 1.5, 3.5, and 5.5 cm below the tissue surface, respectively. The target contained a
1-uM concentration of ICG and the background phantom solution contained a 10™-M
concentration of ICG. The figures again show perturbations in the signal for
measurements acquired at 30, 60, 90, 100, and 130 MHz. By visual inspection, the
change in Ipc, lac, 0 and modulation depth are greatest at the depth where target is

located, however the change is less obvious than in the perfect uptake case.
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Figure 4.25 Normalized Ipc (top left), lac (top right), 0 (bottom left), Iac/Ipc (bottom
right) versus tissue depth for a 1 uM fluorescent ICG target immersed 1.5 cm below the
surface of a phantom with a 10™® M uniform concentration of ICG. The target optical
properties were: p, = 0.12 cm™, and pg' = 10 cm™, and the background optical properties
were: 1, = 0.1 cm™ and p' = 10 cm™. Measurements were acquired at 30 (red points), 60
(yellow points), 90 (green points), 100 (blue points), and 130 MHz (magenta points).
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Figure 4.26 Normalized Ipc (top left), lac (top right), 0 (bottom left), Iac/Ipc (bottom
right) versus tissue depth for a 1 uM fluorescent ICG target immersed 3.5 cm below the
surface of a phantom with a 10™® M uniform concentration of ICG. The target optical
properties were: p, = 0.12 cm™, and pg' = 10 cm™, and the background optical properties
were: 1, = 0.1 cm™ and p' = 10 cm™. Measurements were acquired at 30 (red points), 60
(yellow points), 90 (green points), 100 (blue points), and 130 MHz (magenta points).
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Figure 4.27 Normalized Ipc (top left), lac (top right), 0 (bottom left), Iac/Ipc (bottom
right) versus tissue depth for a 1 uM fluorescent ICG target immersed 5.5 cm below the
surface of a phantom with a 10 M uniform concentration of ICG. The target optical
properties were: [, = 0.12 cm™, and pg' = 10 cm™, and the background optical properties
were: 1, = 0.1 cm™ and p' = 10 cm™. Measurements were acquired at 30 (red points), 60
(yellow points), 90 (green points), 100 (blue points), and 130 MHz (magenta points).
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Despite the reduced signal perturbation, the normalized Ipc, Iac values measured
when the target was immersed 3.5 and 5.5 cm deep, are larger than the Ipc and ¢ values
measured for the 1.5 cm deep target. The difference in Ipc and lac at 1.5 cm versus 5.5
cm for example, is an indication that the ICCD system may be sensitive to fluorescence
from deeply seated fluorescent lymph nodes when there is a significant concentration of
fluorophore in the surrounding tissue. Moreover, there are obvious perturbations in 6
which may indicate the need for time-of-flight measurements to sensitively obtain
fluorescence measurements at locations up to 8 cm. The results are qualitatively
promising, and comparison to diffusion equation predictions are necessary to determine
the measurement sensitivity of the ICCD for changes in Ipc, lac, and 0 due to a
fluorescent target surrounded by a fluorescing background.

In addition to the heterogeneous studies with ICG in the target and background,
DTTCI was used to examine the impact of a change in lifetime on target detectability
when there is fluorophore in the background. Figures 4.28, 4.29, and 4.30 provide the
results from a phantom with a fluorescent target located 1.5, 3.5, and 5.5 cm below the
tissue surface, respectively. The target contained a 1-uM concentration of DTTCI and
the background phantom solution contained a 10°*-M concentration of DTTCI.

Similar to the ICG target results, the DTTCI targets could be resolved when
positioned up to 5.5 cm below the surface. However there was no obvious change in the
depth of penetration due to the longer-lived lifetime. Overall, in order to quantify the

true perturbations, a comparison to a forward model of the diffusion equation is required.
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Nonetheless, the phantom measurement results are promising for the clinical application

of sentinel lymph node mapping.

[N
[N

Q 0.8t © 0.8
2 o
8 06} g 06
E g
©c 0.4} = 04}
z 2
0.2} 0.2
0 g 0 ’
0 4 8 0 4 8
Depth (cm) Depth (cm)
150 0.2
< £.15¢
3;100' 8
()
o S0.1f
o &
2 50( 3
14 §0.05> ;\__,,‘\\%\
0 0
0 8 0 8

4 4
Depth (cm) Depth (cm)

Figure 4.28 Normalized Ipc (top left), lac (top right), 6 (bottom left), Iac/Ipc (bottom
right) versus tissue depth for a 1 uM fluorescent DTTCI target immersed 1.5 cm below
the surface of a phantom with a 10® M uniform concentration of DTTCI. The target
optical properties were: [, = 0.063 cm™, and pg' = 10 cm™, and the background optical
properties were: p, = 0.01 cm™ and ' = 10 cm™. Measurements were acquired at 30 (red
points), 60 (yellow points), 90 (green points), 100 (blue points), and 130 MHz (magenta
points).
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Figure 4.29 Normalized Ipc (top left), lac (top right), 0 (bottom left), Iac/Ipc (bottom
right) versus tissue depth for a 1 uM fluorescent DTTCI target immersed 3.5 cm below
the surface of a phantom with a 10® M uniform concentration of DTTCI. The target
optical properties were: t = 1.18 ns, p1, = 0.063 cm™, and p,' = 10 cm™, and the
background optical properties were: p, = 0.1 cm™ and pg' = 10 cm™. Measurements were
acquired at 30 (red points), 60 (yellow points), 90 (green points), 100 (blue points), and
130 MHz (magenta points).
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Figure 4.30 Normalized Ipc (top left), lac (top right), 0 (bottom left), Iac/Ipc (bottom
right) versus tissue depth for a 1 uM fluorescent DTTCI target immersed 5.5 cm below
the surface of a phantom with a 10® M uniform concentration of DTTCI. The target
optical properties were: t = 1.18 ns, p1, = 0.063 cm™, and ;' = 10 cm™, and the
background optical properties were: p, = 0.1 cm™ and pg' = 10 cm™. Measurements were
acquired at 30 (red points), 60 (yellow points), 90 (green points), 100 (blue points), and
130 MHz (magenta points).
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In addition to Ipc, and Iac measured at discrete points within the phantom, the Ipc,
and lac were measured at the surface of the phantom. Figures 4.31 and 4.32 are
resulting Ipc, and Iac images of the phantom surface taken with a DTTCI target using a
modulation frequency of 30 MHz. The surface measurements are indicative of the data
obtained in a reflectance geometry, similar to clinically acquired data. Therefore the
surface measurements detect fluorescence that has re-emitted from within the tissue.
Figure 4.31 demonstrates the reduction in fluorescence DC intensity as the target is
located deeper within the tissue. At 5.5 cm, the target is no longer resolvable by Ipc
measurements. Although the Iac measurements at 5.5 cm clearly show a circular region
of high intensity suggesting the target is detectable, the Ipc value which represents the
average intensity is in fact equivalent to zero. The data from the three target depths are
plotted on different color scales to represent by an arbitrary intensity value if the target is

detectable or not.
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Figure 4.31 Ipc area measurement acquired at the surface of a phantom with a 1 uM
fluorescent target (t = 1.18 ns, p, = 0.063 cm™, pg' = 10 cm™) immersed 1.5 cm (top),
3.5 cm (middle), and 5.5 cm (bottom) below the surface of a non-fluorescing Liposyn®
scattering solution (t = 1.18 ns, p, = 0.01 cm™, pg' = 10 cm™). The color bars represent
the arbitrary intensity levels of DC.
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Figure 4.32 Iac area measurement acquired at the surface of a phantom with a 1 uM
fluorescent target (t = 1.18 ns, py = 0.063 cm™, pg' = 10 cm™) immersed 1.5 cm (top),
3.5 cm (middle), and 5.5 cm (bottom) below the surface of a non-fluorescing Liposyn®
scattering solution (t = 1.18 ns, p, = 0.01 cm™, pg' = 10 cm™). The color bars represent
the arbitrary intensity levels of Iac.

Similarly, when fluorescence was added to the background at a concentration
ratio of 100:1, the phantom was imaged at the surface. The images of the phantom when
fluorophore is uniformly mixed in the background are shown in Figures 4.33 and 4.34.
They are similar in that there is a centralized region of high intensity within the detection
area. However, the region has an intensity profile that is irregular. Due to the presence

of fluorophore within the entire phantom, the Ipc and Iac images reflect fluorescent
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signals located over the area on which the laser is incident. Recall, the laser was
expanded to an approximate diameter of 5 cm across the phantom. The non-uniformity
in the laser beam output causes irregular regions of high intensity across the phantom
surface. In spite of the non-uniformity in the laser output fluorescence was detected
when the target was immersed at all depths. Again, a forward model is required to

compare the accuracy of the Ipc and Iac measurements.
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Figure 4.33 Ipc area measurement acquired at the surface of a phantom with a 1 uM
fluorescent target (t = 1.18 ns, p, = 0.063 cm™, pg' = 10 cm™) immersed 1.5 cm (top),
3.5 cm (middle), and 5.5 cm (bottom) below the surface of a fluorescing Liposyn®
scattering solution (t = 1.18 ns, p, = 0.01 cm™, pg' = 10 cm™). The color bars represent
the arbitrary intensity levels of Iac.
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Figure 4.34 |pc area measurement acquired at the surface of a phantom with a 1 uM
fluorescent target (t = 1.18 ns, pi, = 0.063 cm™, pg' = 10 cm™) immersed 1.5 cm (top),
3.5 cm (middle), and 5.5 cm (bottom) below the surface of a fluorescing Liposyn®
scattering solution (t = 1.18 ns, p, = 0.01 cm™, ' = 10 cm™). The color bars represent
the arbitrary intensity levels of Iac.

Overall, the heterogeneous study was performed to obtain fluorescence
measurements that most likely reflect the clinical situation in which fluorescing lymph
nodes are detected in breast tissue. From the phantom studies, it was found that the
presence of a fluorescent target perturbs Ipc and Iac and 0 signals when the target is up
to 5.5 cm deep. Additionally, a fluorescent target can be detected at the phantom surface
up to 3.5 cm, which is promising for the application of sentinel lymph node mapping.
Future work should include comparison of the experimental data to forward models that

predict the fluence at the detection boundaries.
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5. PHASE 2: IMAGING SMALL ANIMALS"

Section 5 of this thesis describes the small animal imaging studies undertaken at
the University of Texas M. D. Anderson Cancer Center for the evaluation of tumor
targeting with fluorescent contrast agents in vivo. More specifically, Section 5.1 provides
work and excerpts from a manuscript by Houston et al. to be published in the Journal of
Biomedical Optics, (2005), and Section 5.2 is a study to support work towards the

development of fluorescence pharmacokinetic models.

5.1 Optical Imaging vs. Conventional Nuclear Imaging

Nuclear imaging is currently the most effective available medical imaging
modality for measuring tracer uptake associated with disease markers as well as with
tissue metabolism. Recall from Section 1 that nuclear medicine is prominent in cancer
diagnosis, treatment, and prognosis and generally involves the injection of a radionuclide
that is targeted for disease specificity. In contrast to nuclear imaging, optical imaging
may become a significant molecular imaging tool since it provides digital photo-quality
images with low noise and high photon signal emission that can be quantized for
pharmacokinetic information as well as tomography. Optical imaging by intensified
charge coupled device (ICCD) systems is comparable to conventional nuclear

scintigraphy. As ICCDs collect fluorescent photons for image generation, gamma

" Part of the data reported in this chapter is reprinted with permission from Jessica P. Houston, Shi Ke,
Wei Wang, Chun Li, and Eva M. Sevick-Muraca “Quality analysis of in vivo NIR fluorescence and
conventional gamma images acquired using a dual-labeled tumor-targeting probe,” ©Journal of
Biomedical Optics, in press, 2005.
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cameras detect gamma emissions and render images that are processed post-acquisition
to identify diseased tissue sites.

In this section optical and nuclear imaging is directly compared using a single,
targeting moiety containing both a fluorophore and a gamma emitter that is exogenously
introduced in trace, diagnostic concentrations. In previous work, Frangioni and
coworkers compared optical and nuclear imaging modalities by evaluating osteoblastic
activity in a male nude mouse using a targeting radionuclide and a second targeting
fluorophore to provide complementary optical and nuclear images for comparison.124
Although other investigators have employed radionuclide and fluorescent agent
combinations via gene vectors, recall Section 2, to date there have been no studies which
employ a single, dual-labeled exogenous agent for direct comparison of optical and
nuclear imaging modalities. Herein, a single contrast agent, dual labeled to provide
direct comparison of optical and nuclear molecular imaging techniques using established
figures of merit was used. The use of the nuclear-optical contrast agent enabled the
detection of tumor receptors and targeting ligands in a mouse model by both
conventional nuclear imaging and fluorescence-enhanced optical imaging techniques.

The acquired nuclear scintigraphy and cw optical images enabled an analysis on the

differences between optical and nuclear image qualities.

5.1.1 Dual-labeled Contrast-agent
For the dual-labeled contrast agent, a peptide containing the amino acid sequence
arginine-glycine-aspartic acid, which is known to bind to avp3 integrin was used. The

synthesis was performed at UTMDACC by Dr. Wei Wang with the chemical structure
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shown in Figure 5121212 Specifically, Lys-c(KRGDf) was synthesized on linker-PL-
DMA resin using Fmoc solid phase chemistry as previously described.'®™ '  The
radiometal chelator, P-succinamidobenzyl diethylenetriaminepenta-acetic acid, (DTPA)
derivative, was first reacted with the oi-amino group of the Lys unit in Lys-c(KRGDf).
Subsequently IRdye800 was conjugated to the w-amino group of the Lys unit in DTPA-
Lys-c(KRGDf) to give DTPA-Lys(IRDye800)-c(KRGDf).  Lastly, the DTPA-
Lys(IRdye800)-c(KRGDf) was mixed with '"'InCl; to form the final product, '''In-
DTPA-Lys(IRDye800)-c(KRGDf). The NIR dye (IRDye800) excitation/emission

wavelengths were measured at 785/830 nm.
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Figure 5.1 Chemical structure of cyclic RGD peptide (courtesy of Dr. Wei Wang) dual-
labeled with IRDye800 and a derivative of diethylenetriaminepenta-acetic acid.
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5.1.2 Animal Studies

For animal preparation, 4- to 6-week-old female athymic nude mice (nu/nu 13 -
21 g) were purchased from Harlan Sprague Dawley, Inc. (Indianapolis, IN). Well
characterized human melanoma tumor cells positively expressing the avp3 integrin
receptors (M21) and human melanoma tumor cells not expressing the avp3 integrin
receptors (M21-L) were maintained at 37 °C in a humidified atmosphere containing 5%
CO; in Dulbecco’s modified Eagle’s medium with F12 nutrient and 10% fetal bovine
serum.  Cells from the positive and negative integrin lines were implanted
subcutaneously into the right and left hind region of the six nude mice, respectively. The
M21 and M21-L tumor cell lines were kindly provided by Dr. Cheresh (The Scripps
Research Institute, La Jolla, CA). The avB3 integrin positive and integrin negative
melanoma cell lines have been used in several studies to investigate integrin expression
and activity in cell signaling, angiogenesis, and proliferation.”**!” Cheresh and Spiro
originally explored the M21 variants by looking at receptor affinity to the RGD amino
acid sequence. This investigation led to the isolation of the M21-L, or “M21 Lows,”
variant via FACS.?" The M21-L was found to have low reactivity with the monoclonal
antibody, LM 142, and ultimately determined to have an altered o chain level. For the
study herein, the six mice were injected with the dual-labeled contrast agent when the
M21 and M21-L tumor sizes reached approximately 5 mm in diameter. The dual-
labeled contrast agent was intravenously injected into the mouse tail vein at an

equivalent dose of 5 nmol of IRDye800 and 90 pCi of ''indium.
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Imaging commenced 24 hours after administration of the dual-labeled conjugate.
Before imaging, the mice were tagged for identification and anesthetized with Nembutal
(50 mg/kg body weight). Animals were then imaged individually with the NIR optical
imaging system. After optical imaging, the animals were transferred (approximately 15
min later) to the nuclear gamma camera system to acquire planar scintigraphy images.
The nuclear imaging system and NIR optical imaging system were described in Section
3.

Animals were maintained in a specific pathogen-free mouse colony in the
Department of Veterinary Medicine (The University of Texas M. D. Anderson Cancer
Center, Houston, TX). The facility is accredited by the American Association for
Laboratory Animal Care and all experiments were performed in accordance with the

guidelines of the Institutional Animal Care and Use Committee.

5.1.3 Image Processing

Images acquired from the ICCD camera system and the nuclear M.CAM gamma
camera were processed on a 2.6-GHz Windows PC using both the gratis imaging
software, ImagelJ, (National Institutes of Health, Washington, DC), and the Precision
Digital Imaging System software, V++ (Digital Optics, Auckland, New Zealand).
ImageJ is an image analysis and processing program in Java and supports both the
optical and nuclear image file formats. The nuclear imaging file format, namely an
Interfile (containing the file types, .HDR and .IMG) was opened with support from an
Image] Java script, or “plugin” (http://www.med.harvard.edu/JPNM/ij/plugins/NucMed.html).

V++ is the Roper Scientific CCD camera software interface with programmable modules



141

for ICCD operation. The processed nuclear images were opened and read as unsigned
16-bit intensity matricies. That is, each pixel was represented by a positive floating
point integer up to a total of 2'® possible levels of gray. Likewise, the optical file
formats (.TIF files) were imported into Image] or V++ for the intensity calculations
described below. Similarly, the optical images were of unsigned data type with integer

values ranging from 0 to 65,536.

5.1.4 Calculation of Nuclear vs. Optical

To assess relative performance of optical imaging and conventional gamma
imaging, the mean and standard deviation of intensity counts associated with five
primary regions of interest (ROI) were computed (see Figure on page 146). Of the five
regions of interest evaluated, one region represented the image ‘“target” and the
remaining four regions represented the image “background” for various calculations
presented herein.

First, the “hot” area selected for the “target” ROI was the positive tumor, M21.
The M21 tumor was fixed as the “target” ROI for all calculations throughout this
analysis. The second ROI selected encompassed the negative tumor, M21-L, and this
region represented one of the “background” regions of interest in selected computations.
The third region of interest surrounded non-tumor, or normal tissue (NT). The NT ROI
encircled an area on the chest region of the mouse body, and similar to the M21-L ROI,
the NT ROI represented a “background” in the computations presented herein.
Fourthly, the mean and standard deviation of intensity counts were computed for a ROI

that delimited the entire mouse body (WB). The last “background” ROI selected was of
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the true image background (BK), an area located adjacent to the animal in the
surrounding background and not over the body.

The same selected regions of interest corresponding to the M21, M21-L, NT, WB,
and BK were used for analysis of optical and nuclear images. That is, the true area of

each region remained constant between the nuclear and optical images.

The mean intensity, or mean projected signal, P is defined below where the
integers ‘m’ and ‘n’ represent the pixel values that make up the [i x j] image intensity
matrix for the respective regions of interest selected.

Z Z P(i,])

p== (5.1)
mn

The optical and nuclear images were evaluated by target to background (TBR)
and signal to noise (SNR) ratios. TBR and SNR are image quality figures of merit used
to evaluate signal detection and are often reported in medical imaging analyses. The

TBR and SNR are computed by:

|3t
TBR==; (5.2)

Bt _ Db
SNR = PP (5.3)

ml (Rt -P]

j=1

mn

where the superscript ‘t” represents the mean projected target signal and the superscript

‘b’ represents the mean projected background signal.



143

In addition to correlating the variability in emission signals obtained between
optical and nuclear modalities, an analysis of image contrast was assessed. The contrast
was calculated by the following relationship:

Bt _ pb
PP _1BR-1 (5.4)

P

C=

Using these figures of merit described above, we compared: (i) the TBR for both
nuclear and optical techniques; (ii) the SNR as a function of integrated area for optical
and nuclear images and (iii) the contrast achievable from both the optical and nuclear

images.

Table 5.1 Specifications of the parameters used to collect images using the intensified
CCD camera system and the M.CAM small animal gamma imager. All images were
obtained under the instrumentation parameters outlined, with the exception of one
M.CAM image that was arbitrarily cropped to 648 x 900 pixels (resolution unchanged)
and three animals that were imaged with a smaller field of view during the optical
imaging study (values in parentheses).

Modality Integration time Total pixels Field of view True resolution
[sec] rows columns | height [cm] width [cm]| size [um/pixel]
MCAM 900 652 896 39.7 54.4 609

CCD 0.800 300 300  11.4(8.1) 11.4(8.1) 380 (303)
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5.1.5 Results of Nuclear and Optical Image Comparison

The figure on page 142 shows a typical nuclear gamma scan and fluorescence-
enhanced optical image of a nude mouse bearing the M21 and M21-L tumors 24 hours
post-injection of the dual-labeled contrast agent. Both images are presented on
equivalent pseudo-color schemes and were acquired with the imaging specifications
listed in Table 5.1. The optical image resolution was 380 pum/pixel, or 303 um/pixel, for
three animals imaged with a slightly decreased field of view and the nuclear image
resolution was 609 pum/pixel. Notably, the total integration time required for the
acquisition of the optical image was 800 milliseconds while the projected gamma
scintigram took a total of 15 minutes to acquire.

Despite an equivalent dynamic range, the conventional scintigram and optical
image have obvious differences in appearance. The M21 tumor is clearly delineated in
the optical image; the M21 ROI intensity is much higher in contrast to the background
M21-L tumor. Note however, additional intensity rises in the optical image most
apparent in the animal’s neck and abdomen region. The raised signal at those regions
can be attributed to elevated fluorescence signals owing to an irregularity in the
expanded excitation beam as well as excitation light leakage from the reflected laser
light through the optical filters. Alternatively, the nuclear scintigram of the same animal
appears noisy and the tumor is hard to delineate. The scintigram displays low contrast
between the M21 ROI and the rest of the body. This reduction in contrast, common in
nuclear imaging, arises due to the scatter of gamma photons which are captured into the

collimator wells and contribute to the high background signal.
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In addition, in all of the images, which are displayed in both Figure 5.2 and
Figure 5.3, the uptake of the dual-labeled peptide in the liver and kidneys is evident in
the nuclear scan by a saturated intensity signal in the abdomen region. However, the
high abdomen signal is not present in the optical image. Owing to the lower energetics
and greater attenuation experienced by NIR photons in comparison to gamma emission,
CW planar optical imaging is surface weighted. While tomographic approaches for 3-D
interior imaging have been developed for diffusion based in large and small tissue
volumes, diffusion-based approaches are invalid for small animal imaging and the length
scales under consideration in this study. While radiative transport equation -based
tomography is currently under development for small animal optical imaging for
comparison with PET or SPECT, we use currently available non-tomographic, CW

imaging and gamma scintigraphy to compare optical and nuclear imaging modalities.



M21-L M21

bladder

bladder

Figure 5.2 White light (left), nuclear scintigram (center), and fluorescence-enhanced optical image (right) of a typical nude
mouse xenograph bearing an integrin-positive (M21) tumor in the left thigh (right side: anterior view is displayed by figure)
and an integrin-negative (M21-L) tumor in the right thigh (left side: anterior view is displayed by figure). The digital photo of
the animal depicts the regions of interest (ROIs) selected for the collection of intensity signals either in the positive tumor,
negative tumor, or normal tissue regions. The nuclear and optical images show a low signal in the negative (M21-L) tumor
(left side), a high signal in the bladder indicating wash-out of the dye, and a high signal in the integrin positive (M21) tumor
(right side). The optical image was plotted in a pseudo-color format for enhancement of the intensity scale in the tumor and
background. The nuclear image was also adjusted with the same color scale for better discrimination between the several
levels of gray provided by the 16-bit image. The nuclear image was acquired after 15 minutes of integration whereas the
optical image was acquired for a total exposure time of 800 ms.

ol
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Figure 5.3 White light (left), nuclear scintigram (center), and fluorescence-enhanced
optical image (right) of the remaining five nude mice xenografts (a - e).
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Table 5.2 summarizes six image quality factors computed from the nuclear and
optical images: (1) the WB ROI area [cm?], (2) the M21, M21-L, and NT ROI areas
[cm?], (3) the mean projected signal from the M21 tumor ROI, (4) the mean projected
signal from the WB RO, (5) the mean projected signal from the M21-L tumor ROI, and
(6) the mean projected signal from the NT ROI. The mean projected signals were
computed from Equation 5.1, and the total tumor and whole body areas ranged from 0.8
to 1.2 cm”and 40 to 45 cm?, respectively. Owing to the successful targeting of the dual-
labeled contrast agent, the mean intensity in the M21 ROI was higher than the M21-L
ROI for both the gamma scintigram and optical image. The average intensity [a.u.] in
the M21 ROI for the six optical images was 1138.4 (+/-529) and 1257.5 (+/-507), for the
six scintigrams. In comparison, the average intensity [a.u.] in the M21-L ROI for the six
optical images was 701.6 (+/-330) and 860.9 (+/-352), for the six scintigrams. The TBR
figures of merit resulting from each imaged animal are summarized in Table 5.3. The
TBR values, computed by Equation 5.2, are presented for the three background regions
of interest: (1) M21 target to M21-L background, (2) M21 target to NT background, and
(3) M21 target to WB background. The average M21 tumor to M21-L tumor ratios for
optical (1.4 +/- 0.3) and nuclear (1.5 +/- 0.2) were similar based on a statistical
significance analysis using a paired t-test (o = 0.05). The average M21:NT ratios from
the acquired optical and nuclear images were 1.3 (+/- 0.2) and 1.5 (+/-0.5), and the
similar TBR ratios with the whole body as the “background” (M21:WB) for optical and

nuclear resulted in 1.6 (+/- 0.3) and 1.6 (+/- 0.7), respectively.
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Table 5.2 Summary of the mean projected signals for the M21 tumor ROI, the whole
body (WB) ROI, the M21-L ROI and the normal tissue (NT) ROI. All mean intensity
values listed in the table were computed following Equation 5.1. The resulting ROI data
are from the ICCD imaging system and M.CAM system’s measured 16-bit intensities
[a.u.]. The error bar values are standard deviations computed on the mean projected

signal.
WB ROl M21, M21-L, M21ROI M21-L ROl NT ROI
. WB
Animal  Image ROI area mean and NT mean mean mean
Number modality 2 projected ROl area projected  projected  projected
[cm?] ! > ! ! !
signal [a.u.] [cm?] signal [a.u.] signal [a.u.] signal [a.u.]
705.4 1352.6 896.4 803.4
1 M.CAM e (+/-) 1116.5 15 (+-) 6232 (+/-)498.1  (+/-) 614
814.2 ‘ 1539.5 924.4 955.0
ICCD (+/-) 319.9 (+/-)294.7  (+/-) 1415  (+/-)139.3
579.2 1267.6 786.6 777.7
o MCAM 45 o046 1.2 (+-) 7145 (+-)4779  (+-)549.0
1CCD 762.2 1290.2 883.2 893.4
(+/-) 244.1 (+/-) 1589  (+/-) 84 (+/-) 80.9
7423 1138.3 987.7 936.3
g SMERML 9 e 12 (+-) 5783  (+-)547.1  (+-)682.8
D 824.8 1471.7 981.2 1029.3
(+/-) 288.3 (+/-) 1803  (+/-)120.6  (+/-) 107
924.6 1117.3 684.9 1177.6
MCAM 40 13184 082 (+-)582.6  (+-)453  (+/-)788.7
4 1CCD 660.9 ' 817.1 691.9 781.3
(+/-) 123.5 (+-)77.6  (+/-)293  (+/-)59.4
872.6 1075.2 826.0 1085.4
MRS A0 e 5109 0.2 (+-)629.9  (+-)506.1  (+/-) 749.7
5 D 652.6 ' 789.5 710.7 773.1
(+/-) 113.1 (+/-)90.1  (+/-)38.7  (+/-)53.5
923.8 1594.0 850.0 708.8
MCAM 40 13023 082 (+-)8163  (+/-)583.1  (+/-)529.9
6 1D 662.8 ' 922.6 713 762.6
(+/-) 124.9 (+/-)889.1  (+/-)42.4  (+H-)44.6

Table 5.3 also lists the SNR computed by Equation 5.3 and contrast computed by
Equation 5.4 from the optical and nuclear image data. The SNR using the M21 and
M21-L tumor ROIs was greater from measurements acquired by the ICCD system than

from measurements acquired by the M.CAM (statistically significant, Py, = 1.3><10'6).
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In fact, the maximum SNR value among all six optical images was 7.7 dB. The SNR
from the scintigram corresponding to the same optical SNR was 0.3 dB.  The average
SNR [a.u.] from the optical images was 4.7 (+/-0.7) and 0.78 (+/-0.5) from the nuclear
images. The SNR and TBR for the six animals are presented by a bar plot in Figure 5.4.
The contrast was determined by the mean projected signal in the M21 tumor and the
mean projected signal in the M21-L tumor.  The tumor was detected over the
background at an elevated contrast by the M.CAM system with an average contrast of
0.5 (+/-0.3) as opposed to 0.4 (+/-0.2), the average contrast obtained from the ICCD
system.

Table 5.3 Target to background ratios, signal to noise ratios, and contrast values
computed following Equations 5.2, 5.3, and 5.4. The SNR value is from the M21 target
and M21-L background. The resulting TBR values for the (i) M21 target with M21-L
background, the (i1)) M21 target with NT background, and the (iii) M21 target with WB
background are outlined. The contrast results were computed using the target M21

tumor and the background M21-L tumor. The error bars are relative standard deviation
values propagated for the computed ratios.

Animal  Image SNR TBR TBR TBR Contrast
Number modality M21& M21-L  M21:M21-L  M2L:NT M21:WB  M21:M21-L
| MCAM 09 (+-)1.8  1.5(*-)07  17(*+-)09 1.9(+-)2.3 051

CCD  43(+-)05  17(+)03  16(+-)02 1.9(+-)5.8 0.67
, MCAM 1.0 (+-)1.9  1.6(+-)08  1.6(+-)09 22 (+-)1.9 0.61
CCD  48(+-)0.5  1.5(+-)02  14(+-)02 1.7 (+-)8.7 0.46
; MCAM 028 (+/-)53  12(+-)07  12(*-)09 1.5(+-)2.1 0.02
CCD  41(+-)05  15(+#-)02  14(+-)02 1.8(+-)87 0.50
. MCAM  1.0(+-)1.8  1.6(+-)08 1(+09  12(+-)2 0.63
CCD 43 (+-)0.7  12(+-01  11(+-)01 12(+-)11.8 0.18
S MCAM  0.5(+-)33  13(#-)09  1(+-)09  12(+-)1.8 0.30
CCD  6.0(+-)03  13(+-)01  12(+-)0.1 1.4(+-)187 0.32
; MCAM 13 (+-)1.5  19(+-)09  23(+-)09 1.7(+-)2.1 0.88
CCD  53(+-)029  13(+-)0.1  12(+-)0.1 1.4(+-)14 029
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Figure 5.4 Bar plots of target to background ratios (top) and signal to noise ratios
(bottom) of the M21 tumor region of interest to the M21-L tumor background region of
interest computed from NIR (dark-shaded) and gamma (light-shaded) images for all six

animals studied. Error bars represent the relative standard deviation.
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Figure 5.5 is a plot of the SNR vs. contrast for selected contrast values arranged
in increasing magnitude and computed from all six mice. The contrast and SNR
displayed by Figure 5.5 were computed using the M21 tumor and BK ROIs. That is, the
true background signal was compared to the highest signal present in the images, the
tumor intensity. This analysis permits a comparison between nuclear and optical image
noise floor. Because SNR and contrast are proportional, their linearity provides an
outlook on the tumor “detectability” for various levels of image contrast. The SNR
required to achieve a specified contrast was lower for the nuclear system than for the
optical system. The ICCD camera system was estimated to have a 200+ fold greater

sensitivity at the lower contrast values then the nuclear M.CAM imager.
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Figure 5.5 SNR vs. contrast calculated using Equations 5.3 and 5.4 using optical and
nuclear image intensity data [a.u.]. The expected linear relationship between the SNR
and contrast are different between optical and nuclear. That is, the optical imaging SNR
vs. contrast slope is dramatically increased over the nuclear imaging SNR vs. contrast.
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5.1.6 Discussion of Nuclear and Optical Imaging Comparison

To date, optical techniques have yet to demonstrate the robust detection of cancer
in humans that nuclear systems can clinically provide. In this work, we identify the
features of fluorescence optical imaging that give rise not only to improvements in
optical image quality but also to sensitive acquisition of whole body fluorescent signals
using a simple ICCD system. Herein, we have shown that surface melanoma tumors can
be easily delineated in all six optical images, while the tumor boundary could not be
identified on a qualitative level by the gamma images using a single, dual labeled
targeting agent. Several factors that contribute to these differences in measured signal
are discussed below.

First, although the functional imaging aims of optical and nuclear techniques are
similar, it should be prefaced that the purpose of nuclear imaging modalities used in
clinical practice is not strictly to define superficial tumor margins. Rather, nuclear
systems play dominant roles for bone scans, lymphoscintigraphy, immunoscintigraphy,
and the tracing of diseases (e.g., cancers, Alzheimer’s, Parkinson’s, AIDS dementia,
etc.). Positron emission tomography and single photon emission computed tomography
are employed over conventional gamma imaging and provide improved image quality
and sensitivity. In this study we compare conventional gamma imaging to NIR optical
imaging for superficially localized tumors in small animals; both are non-tomographic
methods with instrumentation designed for small animal imaging.

Secondly, in order to provide an impartial comparison of nuclear and optical

signals, a well documented and equally detectable contrast agent dose must be
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established.  The dual-labeled peptide, '''In-DTPA-Lys(IRDye800)- ¢(KRGDf), used
in this study was synthesized for a 1:1 molar ratio of DTPA to conjugated IRDye800.
After addition of the radiolabel, '''In, a final product equivalent to 20 pCi of
radioisotope per nmol of fluorophore was obtained. Indeed the specific activity can be
altered by varying the amount of '''In to be chelated to DTPA-Lys(IRDye800)-
c(KRGDf). The total specific activity however, should be balanced for adequate
detection of both radio- and fluorescent signals. When applied to the clinical setting,
radionuclide dosimetry is calculated based on realistic integration times (for patient
comfort), radiation exposure (for patient safety), half-life and energy of the isotope, and
the minimum detectable signal. Typical clinical intravenous injection doses of
Octreoscan (' 'In-D-Phe-DTPA-octreotide) change depending on imaging circumstances
(3 mCi to 6.0 mCi), and as clinical doses vary so do experimental doses in small animals.
Despite a >10° lower bodyweight, mice may be administered 100 times lower doses than
humans in order to obtain an adequate signal at realistic integration times. It is
noteworthy that the tracer dose does not linearly scale with body mass. Our small

animal study required 3.3MBq '

In in order to detect ligand receptor interaction.
Similar doses ranging from 1.8MBq to 7.2MBq have been used in small animals with
"In, "F, and *Tc, for studies involving targeting of a radiolabel to the avp3 integrin
via an RGD peptide conjugate.

Despite controlled fluorophore and isotope specific activities, the high

fluorescent photon sensitivity of the ICCD system may be due to the theoretically larger

number of fluorescent photons available for imaging over the available gamma rays



155

emitted from the animal. Indeed, the number of radiative events per second emitted by a
fluorescent dye can be several orders of magnitude greater than the total emitted by a

111

radionuclide of the same quantity. For example, '''In has a specific activity of 4.2x10°

[Ci/g]. To quantify this in terms of emitted disintegrations, the rationale is:

-1

4.2x10° Ci y 3.7x10""Bq y 1 event-s™
g Ci Bq

=1.5x10"event-s™" - g

A direct comparison of this activity to the fluorescent dye, IRDye800 which has
a molecular weight of 1166 g/mole and a fluorescent lifetime estimated at 0.5
nanoseconds, produces:

1 mole y 6.02x10* molecule y 0.5x10°event - molecule »

=2.6x10"event-s" - g

1166 g mole S

Thus, an equivalent “specific activity” for the fluorophore and radionuclide in
theory provide significantly different amounts of photons emitted per second (10').
Owing to this low sensitivity, nuclear scans require several minutes for data collection.
Optical techniques are favorable for the clinic because they require only a fraction of a
second to resolve a fluorescent image.

The discrepancy between the theoretical difference in sensitivity and the actual
observed image sensitivity can be explained by the comparative attenuation of NIR and
gamma rays during tissue propagation. In tissue, gamma rays attenuate to a much lesser
extent than NIR photons. For example, with a linear attenuation coefficient of p=0.16
cm’' for a gamma ray, and a reduced scattering and absorption coefficient of p’s=10 cm’

"and p,’ = 0.1 cm™ for NIR photons in thick tissue, a rough estimate of the attenuation
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of gamma and NIR intensity across 5 cm of tissue can be made: showing that almost
50% of gamma rays are transmitted and much less than 0.01% of optical NIR photons

are transmitted through an equivalent tissue depth.

| = 1,6 7“5 =1-671° = 0.45

gamma

loicar = 1,874 =1-7%" =1%107%

optical

Attenuation unquestionably depends on the radiation energy; for example p =
0.16 — 0.35 cm™ for photon energies of 30 to 100 keV and ps = 100 — 300 cm™ for NIR
photons, where scattering dominates. Additionally, photons and gamma rays experience
different types of scattering (i.e., Rayleigh vs. Compton) in soft tissue.

A large part of NIR attenuation for fluorescence-enhanced imaging is due to
scattering and absorption as well as the decay kinetics of the fluorophore. Excitation
light attenuates before reaching the embedded fluorophore and the quantum efficiency, o,
of the fluorophore reduces the amount of fluorescent light that is re-emitted. Upon
traveling back to the tissue surface, fluorescent photon attenuation occurs. Ultimately
the photon fluence measured at the tissue surface is reduced and for the small animal
imaging described herein, its attenuation must be predicted by the full radiative transport
equation.

A last and important preface to nuclear and optical imager differences that may
impact equal comparison is camera resolution. The CCD chip has fixed, 24 pum-size
wells, thus the image resolution, or actual pixel size, may vary depending on the field of

view chosen and achieved using any typical camera focusing lens. For the ICCD system,
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the resolution on an optical image is ultimately limited by the image intensifier; the CCD
images a constant FOV at the phosphor screen, which likewise can be controlled by a
simple zoom lens. Unlike the optical system however, the M.CAM has a fixed field of
view, therefore the resolution is fixed for a given collimator size.

The comparative target to background ratios that are presented reflect some
distinguishing qualities between the planar optical and nuclear image display. The
M21:M21-L TBR values were analyzed and found to be similar; this similarity was
anticipated because the contrast agent was dual-labeled causing the radionuclide and
fluorophore to have an equal relative accumulation between the M21 and M21-L tumor.
Yet upon viewing the ROI intensities in the actual optical and nuclear images (Figure 5.2)
this TBR similarity is less apparent. There is little signal delineating the gamma image
M21 ROI over the M21-L ROI, which indicates a high variance in pixel intensity
resulting from a raised background signal. The large background signal in the nuclear
scinitgram reflects the fact that gamma cameras detect scattered gamma rays that are
emitted from deep tissue sections. Thus, any annihilated photons that emit from the liver,
kidneys, and deeper tissue (>5 mm) are imaged and contribute to the total mean
projected signal. Moreover, gamma rays that scatter into a single collimating well and
emit from locations not adjacent to that well, are weighted the same as those photons
that travel in a straight trajectory from the tumor to the collimator. Thus, the deviation
in pixel intensity values is much greater for the M.CAM than for the ICCD system.

Additionally, the similarities between the optical and nuclear M21:NT ratios and

optical and nuclear M21:WB ratios further demonstrate that the dual-labeled agent was
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target-specific to the avB3 integrin positive melanoma tumor. The nuclear and optical
detectors equally discriminated between targeted signals and non-targeted signals from
the background of the entire animal body and normal tissue regions. Yet, the optical
and nuclear imaging systems appear to detect different background signals because (1)
optical ICCD sensitivity is weighted towards shallow, sub-surface photons; (i)
attenuated optical signals are often reported at suppressed intensities relative to non-
attenuated signals owing to excessive excitation light leakage; (iii) conventional gamma
camera systems detect gamma rays from any depth or location in the body with equal
sensitivity; and (iv) gamma systems detect photons that travel in a mostly linear fashion
through the body with little attenuation. Therefore the background signals from the
optical M21:WB and M21:NT ratios are from fluorescence emitted by tissues and blood
located a few millimeters below the skin’s surface as well as excitation light leakage
through the optical filters. Alternatively, the gamma camera TBRs are indicative of the
total radionuclide emissions from within the whole body relative to the gamma ray
emission from the entire tumor volume.

Unlike the target to background ratios, the statistically different signal to noise
ratios may be an indication of the reduced noise floor that an ICCD system provides.
ICCDs are typically operated under shot-noise limited conditions, where photon noise is
the limiting noise factor. Therefore, when high photon signals emitting from the tumor
are detected, the Poisson distributed shot-noise becomes relatively much smaller and this
is reflected in the image output SNR. The SNR computed from the conventional gamma

images is much lower than the optical owing also to the imaging system’s intrinsic
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signal to noise characteristics. The radioactive decay and gamma detection variance is
closer to the gain, or sensitivity of the detector; this is reflected in the scintigram pixel
values. However the favorable SNR of optical over nuclear may dramatically decrease
when comparing deeply seated tumors as in the case of human imaging. Consider two
targets 0.5 and 2 cm deep to be imaged using planar optical and nuclear imaging. The
noise associated with each of the imaging modalities remains constant as the depth of the
target increases. Assuming that the gamma emitting targets are of equal energy, the

signal from the two centimeter depth (' =

0.7) will be attenuated by a difference of
0.2 in comparison to that emitted from the target 0.5 cm in depth (€% = 0.9). For
optical imaging, greater attenuation occurs with typical tissue scattering and absorption
coefficients like p1,’=10 cm™and p, = 0.1 cm™. Using these optical properties for a total
attenuation coefficient of pu=10.1, the comparative attenuation of photons from 0.5 cm
to 2 cm is 0.006 and 2x10”, respectively, a magnitude difference of 10°. Of course,
these calculations do not consider the half-life of the radiotracer, wherein the SNR of
fluorescent targets at all depths may be significantly greater than that of a spent tracer at
any depth.

Yet for detection of surface signals, plotting the SNR vs. contrast further
demonstrates improved sensitivity by the ICCD system. A high photon signal detected
by the ICCD system yields a large SNR value despite the low contrast between the
tumor and background. For the SNR contrast plots, the background value used was a

true background ROI; a selected area outside of the animal body was used as the

baseline noise signal. The change in optical SNR relative to the change in optical image
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contrast is more than 200 fold greater than the conventional gamma camera SNR-
contrast gradient. Moreover, fluorescence-enhanced optical imaging has potential for
improved SNR with better reduction in the excitation light noise. With the increase in
intensified CCD sensitivity, excitation light is hard to eliminate from the total detected
signal because of the fraction of excitation light (19%) passed through standard band
rejection and optical band pass filters.

Although this work demarcates favorable optical image quality relative to a
conventional gamma camera, multi-modality imaging combinations are truly
complementary with neither imaging method providing completely autonomous
diagnostic information. In this work however, the combined imaging methods provided
a comparative tool for optical ICCD camera image quality assessment, which is essential
for clinical translation of functional planar NIR imaging. Upon comparison to
conventional nuclear imaging, it is evident that optical imaging with ICCD cameras is
highly sensitive to photons emanating from superficial depths. Additionally, as optical
tomography is developed for multi-pixel techniques on larger volumes, assessment of
the target detection for small target sizes and greater target depths is increasingly
important for locating the tumor position through a three dimensional map in thick (> 1

cm) human tissues.

5.2 Single-point Fluorescence Detection in the Mouse Ear

In addition to the previously described nuclear and optical imaging work,
dynamic fluorescence measurements were acquired on nude mice using a point source-

point detection measurement system. The system was designed and constructed for
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pharmacokinetic (PK) mapping of tracer uptake into and out of the bloodstream of small
animals and is presented in this thesis as an initial proof of concept. Accordingly, this
section (i) introduces dynamic imaging, pharmacokinetic measurements, and the PK
model used to predict the uptake of a fluorophore into and out of the bloodstream; (ii)
describes the in vivo study undertaken with a review of the dynamic fluorescence
measurement instrumentation, which was described in Section 3; (iii) presents feasibility
results based on fluorescence intensity measurements taken from the tail vein of nude
mice simultaneous to a bolus injection of fluorophore into the tail vein, and (iv) provides

a brief discussion on the implications of this measurement system.

5.2.1 Pharmacokinetic Model of Contrast Agent Uptake in Small Animals

Pharmacokinetic models which describe the kinetics of fluorescent contrast agent

uptake into the blood, extra-cellular and intra-cellular space, and into the renal system
. . 53,132, 158, 162 . o

organs have been described previously. Specific studies include analyses on

hepatic and renal function through ICG injection, uptake into tissues by non-specific

HPPH-car as well as analyses of the binding rates of ligands to subcutaneously

53, 158, 162, 218

implanted tumors using cancer-specific fluorophores. The latter studies,

162
I. 6 |.158

performed by Gurfinkel et al.””” and Kwon et al.””* employed ICCD data in which a time
series of CW fluorescence images were acquired continuously after a bolus injection of a
targeting fluorophore.

The pharmacokinetic models for targeted-dye uptake reported by Gurfinkel and

Kwon involve either two-compartment or three-compartment kinetic models that

describe the uptake of a specific or non-specific contrast agent. The two compartment
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models developed by Gurfinkel et al. describe (i) the partitioning of a non-specific agent
from the blood to a generalized tissue compartment; or (ii) the uptake of a specific agent
from the blood to the tissue compartment irreversibly. In contrast, more recent
pharmacokinetic studies rely on three compartment kinetic models which may describe
(1) the partitioning of a specific agent from the blood to the extravascular extracellular
space (EES) and finally to the cell where the agent is bound; (ii) the uptake of a specific
agent from the EES, to the vascular endothelium, and finally to the cell; or (iii) the
uptake of a specific agent from the vascular endothelium, to the EES, and finally to the
cell.'™ All three-compartment models include the irreversible rate of uptake into the
bound cell compartment, which is denoted in previous works as k.. The three-
compartment kinetic models also include an irreversible step which represents the
removal of the specific agent from the blood by the renal system, which is denoted here
as k;. Figure 5.6 is an illustration of the generic two- and three-compartment models. A
detailed description of the three compartment models is provided elsewhere; moreover,
PK measurements of fluorophore blood concentration herein involve injection of a non-
specific fluorophore. Therefore, the focus of Section 5.2 is on a two compartment
reversible PK model.

The two compartment model is based on accumulation of the fluorophore into
either the bloodstream (Compartment 1) or the tissue (Compartment 2). From
Compartment 1, the dye will be irreversibly removed via the renal system at a rate
represented by K; or reversibly removed from the bloodstream into the tissue with rates

represented by k; and ks. Irreversibility occurs when the fluorophore is tumor-specific
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and when in a tumor-bound state, it will not return to the bloodstream within the total
dynamic imaging time. The reversible model is used for non-specific fluorophores,
which enter the tissue then may partition back into the blood for removal from the body.
The results presented here include injection of the non-specific dye, ICG, therefore the

pharmacokinetic description below considers the reversible step between Compartments

1 and 2.
kZ
Compartment 1 < Compartment 2
k3
k; k; = 0 when using specific
agent
kZ
> k
Compartment1l | Compartment 2 - > =Tl
~ " Compartment
6]

Figure 5.6 Two (top) and three (bottom) compartment generic pharmacokinetic models
used to describe the uptake of a fluorescent contrast agent by either (i) the blood and
tissue; (i1) the blood, extravascular, extracellular space and the cell membrane; (ii) the
extravascular endothelium, vascular endothelium and cell membrane; or (iii) the vascular
endothelium, extravascular endothelium and the cell membrane.
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The rates of change of concentration of the fluorophore in the blood and in the

tissue are described by the two differential equations below:

dC

_dtB =—-kC; +k,C, (5.5)
dC

dtT = _k3CT + kZCB (5.6)

where Cg is the concentration of fluorophore in the blood and Cs is the concentration of
fluorophore in the tissue. The solution to these equations can be found by assuming the
initial condition: at t = 0, Cg = Cgo and Cr = 0. As described by Gurfinkel et al.,53
Equations 5.5 and 5.6 are solved and the solutions to Cg and Ct may be correlated with

experimentally measured fluorescence intensity by the equation below:
1(t)=wC; (t)+w,Cqy (1) (5.7)
where | (t) is the fluorescence intensity [a.u.] measured as a function of time; Cr and Cg,

are the concentration in the corresponding compartments at time t; and w, and w, are

constant weighting factors. Equation 5.7 is based on an assumption that the fluorescence
intensity measured at a point on the body such as the ear is proportional to the sum of
fluorophore molecules at that location in the body at a given time, t, after injection.
Since the fluorophore molecules will reside in any of the two compartments,
incorporating the solutions into each compartmental concentration produces the

following four-parameter double exponential expression:

L(t)=1,+ A[exp(—at)]+ B[exp(—ﬂt)} (5.8)
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where 1,=wC,(0) is the intensity before injection, A and B are pre-exponential

parameters that depend on the magnitude of fluorescence intensity, and o and 3 are
parameters that depend on the rate of change of fluorescence intensity as defined by:
a+p =k +k, +k, (5.9
Gurfinkel et al. and Kwon et al. used this summation to compare the kinetics of dye
uptake using different tumor models and under different conditions (i.e. specific binding,
competitive inhibition, non-specific binding, and with vascular tumors) to assess the
binding kinetics.

By acquiring Cg(t) with the APD system, the time-dependent concentration of

dye in the blood can be obtained and incorporated into Equations 5.5 and 5.6.

5.2.2 Animal Studies

The single-point measurement system described in Section 3.5 was tested on
normal nude mice at the University of Texas M. D. Anderson Cancer Center. A catheter
was inserted into the tail vein of three mice for preparation of a bolus injection of
indocyanine green. ICG was dissolved in sterile saline to a concentration of 1 pM.

The SMA connector, detector bundle, and ferrule bundle ends of the bifurcated optical
fiber described in Section 3.5.3 were individually positioned at the laser diode source
output, the APD detector input, and ~2 mm from the surface of the tail vein, respectively.
The three locations permitted excitation light delivery from the laser to the mouse tail
vein and emission light delivery from the tail vein to the APD detector. During

fluorescence detection and for each animal studied, the tail was not compressed and the
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bundle was placed at a close distance without touching the skin surface. The light
source used was a 785 nm and 80 mW laser diode (model Sanyo DL7140-201, ThorLabs,
Newton, NJ), and was connected to the fiber bundle via SMA attachment. The bundle
detector end was positioned normal to a holographic notch-plus band rejection filter
(Kaiser Optical Systems Inc., Ann Arbor, MI, model HNPF-785.0-2.0) to block
excitation light. The APD detector was mounted directly behind the band rejection filter.
Fluorescence measurements were rapidly acquired for 20 minutes during which the
ICCD system continuously captured a series of CW fluorescence images for comparison.
The measurements followed the procedure below:
1. Phenobarbital anesthesia was administered to the mouse.

2. A catheter was inserted into the tail vein of the animal and the mouse was
restrained on a flat surface.

3. The fiber bundle was mounted directly normal to the skin at an approximate
distance of 2 mm from the skin surface. The bundle was positioned to
measure fluorescence from the tail vein upon fluorophore injection; therefore
the bundle was placed at the base of the animal's tail directly over the vein.

4. Image acquisition with the ICCD camera began by acquiring a 200-ms CW
fluorescence image every 2 seconds. The ICCD camera continued to capture
dynamic images throughout the entire fluorescence measurement sequence.

5. DC measurements of light intensity at a rate of 1 sample every 0.02 second
were acquired from the surface of the mouse’s tail using the APD detector.
Background intensity measurements were first obtained by integrating the
detector for approximately 10 seconds before the ICG was injected.

6. A bolus injection of the ICG-saline solution was next administered to the
animal.

7. Fluorescence intensity measurements were acquired at a constant rate of one
data point every 0.02 second.
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8. After 20 minutes, data acquisition was stopped and the data were processed
for PK analyses.

The procedure above was repeated on three animals to significantly measure the
uptake of fluorophore into the blood stream and the slow partition of the fluorophore out
of the blood of a healthy animal. Prior to the study, the animals were maintained in a
pathogen-free mouse colony in the Department of Veterinary Medicine (The University
of Texas M. D. Anderson Cancer Center, Houston, TX). The facility is accredited by the
American Association for Laboratory Animal Care and all experiments were performed

in accordance with the guidelines of the Institutional Animal Care and Use Committee.

5.2.3 Results of Pharmacokinetic Mapping using the Fiber Optic Fluorescence

Measurement System

Figure 5.7 is a plot of the fluorescence intensity as a function of time for three
normal nude mice injected with 1 uM of indocyanine green. The intensity data are
plotted over an approximate time period of 15 min. The fluorescence signal detected
from all three animals follows a similar trend in which there are approximately 10-30
seconds of data representing the intensity acquired pre-bolus injection. Then upon
injection, a rapid wash-in of the fluorophore occurs and is indicated by the sharp rise in
intensity. The bolus injection peak rises to a maximum and is followed by a rapid
decline in the arbitrary fluorescence intensity value. The decrease in signal can be
attributed to the fluorophore partitioning from the blood to the surrounding tissues and
into the renal system. After 15 min, the fluorescence intensities asymptotically reach the

value of the measured background signal. The rapid decrease in intensity is consistent
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with previously reported results.”'® Figure 5.8 shows the resulting ICCD images of the
normal nude mice before bolus injection of 1 uM ICG, immediately upon injection, and
15 min after injection. It is apparent that before injection, there is little or no
fluorescence signal in the animal's body, and after 15 min the signal has increased,

indicated by the rise in intensity over the entire mouse body.
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Figure 5.7 APD fluorescence intensity [a.u.] data acquired from the tail veins of three
normal nude mice. Data from animal #1 are plotted in blue, data from animal #2 are
plotted in red and data from animal #3 are plotted in black. The intensity measurements
are plotted versus data acquisition time [s] and were acquired upon a bolus intravenous
injection of 1 uM of indocyanine green.
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Figure 5.8 ICCD images of three nude micebefore indocyanine green injection (left),
upon injection (middle) and 15 min after injection (right). Data from animal #1 are
plotted in figure 5.7 (a), data from animal #2 are plotted in figure 5.7 (b) and data from
animal #3 are plotted in figure 5.7 (c). The images are plotted in a monochrome
pseudocolor scheme.
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Regions of interest on the right flank of each nude mouse were selected and
extracted from the dynamic ICCD fluorescence intensity data. To demonstrate the wash-
in of fluorescence into the tissue of a normal nude mouse, the ROI intensity data are
plotted in Figure 5.9. The ICCD camera system detected a continuous rise in intensity
as ICG accumulated in the entire body, whereas the APD detected a continuous drop in
intensity as ICG partitioned from the blood in the tail vein into the surrounding tissue

and EES.
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Figure 5.9 Fluorescence ROI ICCD intensity [a.u.] data acquired from the right flanks of
three normal nude mice. Data from animal #1 are plotted in blue, data from animal #2
are plotted in red and data from animal #3 are plotted in black. The intensity
measurements are plotted versus data acquisition time [sec] and were acquired upon a
bolus intravenous injection of 1 uM of indocyanine green. Error bars represent the
standard deviation in the pixel intensity values for each ROI drawn.
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The APD fluorescence intensity data for each animal were fit with the two-
exponential, four parameter pharmacokinetic model described previously. The least
squares regression was performed with Sigma Plot 8.02. The data and corresponding
regressions are plotted in Figure 5.10. The r-squared values resulting from each non-

linear regression were 0.86, 0.98, and 0.99 for Animals 1-3, respectively.

5.2.4 Discussion on Single Point Fluorescence Measurements in vivo

Gurfinkel et al. related the parameters, o and B3, to ICG uptake rate in canines by
observing that the summation of o and f is equivalent to k; + k» + k3. The comparison of
o + B allowed Gurfinkel et al. to compare uptake rates between normal and diseased
tissue. Although ICG uptake in normal and diseased tissue was not compared in the
nude mice studies herein, the values of o + 3 nonetheless were examined for similarity
between all three animals. The values of a + f [s™'] for Animals 1-3 were found to be
0.0015 [s™'], 0.07 [s™'], and 0.02 [s™'], respectively. The o + B value for Animal 1 is an
order of magnitude lower than that of Animals 2 and 3, which may be a result of the
poor fit by the two-compartment model. The APD intensity data presented herein is
nonetheless promising, as it demonstrates that fluorescence intensity data can be rapidly
acquired simultaneous to a bolus injection of ICG. Future work is necessary to improve
the sensitivity of the imaging system so that fluorescence from the ear of the mouse can

be detected upon injection of nanomole quantities of ICG.
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Figure 5.10 APD fluorescence intensity [a.u.] vs. time and with a corresponding non-
linear regression. Data from animal #1 are plotted in blue, data from animal #2 are

plotted in red and data from animal #3 are plotted in black. The intensity measurements
were acquired upon a bolus intravenous injection of 1 uM of indocyanine green.
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6. PHASE 3: IMAGING PATIENTS

At the date of this thesis a twelve patient study was pending and scheduled to be
completed at the University of Texas M. D. Anderson Cancer Center using the ICCD
camera system described in Section 3. As a collaborative effort, the Photon Migration
Laboratories at Texas A&M University and UT MDACC have designed a study in
which breast cancer patients are subject to fluorescence-enhanced optical imaging.
Several steps leading to this study include approval of the protocol by the UTMDACC
Institutional Review Board (IRB) and approval of a combined Investigational New Drug
(IND) and Investigational Device Exemption (IDE) by the Food and Drug
Administration. Therefore in light of the several steps achieved towards this goal, the
last section of this thesis includes work on the development of “optical lymphography”
including: (i) fluorescence data supporting the stability of ICG as an investigational new
drug for intravenous administration in combination with technetium 99m sulfur colloids,
(i1) the fluorescence enhanced optical imaging clinical trial protocol, (iii) the standard
operating procedure written for employment of the ICCD imaging system in a clinical

setting, and (iv) statistical considerations and handling of the acquired optical images.

6.1 Stability of ICG and Sulfur Colloid

Before describing the clinical protocol, preliminary data is presented in this
section which supports the use of indocyanine green dye in combination with the
technetium 99m filtered sulfur colloid. In previous work, the fluorescence spectra of

ICG with the isosulfan blue dye used in SLNM was acquired to evaluate any spectral
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overlap between the two molecules. It was found that ICG excitation and emission

219 1 ikewise, the

spectra was not hindered upon mixing with the intra-operative blue dye.
combination of ICG with the sulfur colloid must be assessed to evaluate the impact of a
colloid suspension on ICG fluorescence and visa versa. Therefore, this section describes
results from two studies: (1) a fluorescence measurement study to assess the ability of
ICG to retain its photochemical properties upon mixing with sulfur colloid and (2) a

particle sizing study to measure the longevity and stability of the colloid suspension

upon mixing with ICG.

6.1.1 Fluorescence Spectra

The fluorescence measurement study was performed by taking the fluorescence
spectra of five samples using a fluorimeter (Jobin Yvon Ltd., Middlesex, UK). The five
samples are listed below.

1. Deionized ultrafiltered (DIUF) water

2. ICG diluted in DIUF water at a concentration of 0.5 uM

3. ICG diluted in DIUF water at a concentration of 1 uM

4. 1CG diluted in saline and filtered sulfur colloid at a concentration of 1 uM
5. Filtered sulfur colloid in saline

The colloid sample (CIS-SULFUR COLLOID™, CIS-US, Inc., Bedford, MA) was
kindly provided by Professor Ron Fisher from the Department of Radiology at Baylor
College of Medicine, Houston, TX. Each sample was prepared, added at a volume of 3

mL to a crystal cuvette, and placed in a fluorimeter to obtain both excitation spectra
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(from 660 nm to 810 nm) and emission spectra (from 790 nm to 900 nm). The following
describes the procedure undertaken to obtain the excitation and emission spectra for each
sample.

An excitation scan was first performed in which the emission monochrometer
was set at 830 nm and in increments of 5 nm, the absorbance of light at each wavelength
was measured. The integration time of the detector was 1 second for each measured
wavelength. Upon obtaining the excitation spectra, an excitation peak was identified.
The peak was 763 nm for all samples that contained ICG, and there was no peak for the
DIUF water-only and colloid-only samples.

The emission spectra were then collected by setting the excitation
monochrometer at the identified absorbance peak wavelength (763 nm). The emission
spectrum was read at wavelength intervals of 5 nm for which the intensity of the emitted
light was detected at an integration time of 1 second for each measured emission
wavelength.

The resulting spectra of the 1-uM and 0.5-uM ICG solutions in DIUF water are
provided in Figure 6.1. The excitation spectra for both concentrations were normalized
to the maximum absorbance value [a.u] of the 1 uM ICG solution. Both the 1-uM and
0.5-uM ICG solutions produced the same absorbance properties; the similarity is
apparent by the unchanging excitation peaks and excitation valleys revealed in the
plotted spectrum. Additionally a single ICG excitation peak maximum was readily
visible at the same wavelength for both concentrations. The total excitation spectrum

corresponding to the 1-uM ICG solution is approximately two times higher in intensity
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[a.u.] than the spectrum for the 0.5-uM ICG solution, which reflects the proportionality
of absorbance to the concentration of fluorescing species. Likewise, the emission
spectra for both concentrations were normalized to the maximum intensity value of the
1-uM ICG solution and are plotted in Figure 6.1. Again, two emission peaks at the same
wavelength are revealed for both concentrations. The emission spectrum intensity [a.u.]
of the 1 uM solution was two times that of the 0.5-uM solution. Figure 6.1 reveals the
results of a positive control study by presenting the excitation and emission properties of
a typical and unperturbed solution of indocyanine green. The ICG-only excitation and
emission peaks are equivalent to well-known values previously reported in the literature.
The absorbance of DIUF water-only was measured for background intensity counts [a.u]

and is also indicated on Figure 6.1.
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Figure 6.1 Normalized excitation and emission spectral data of a 1-uM concentration of
ICG in DIUF water (blue excitation and pink emission lines), a 0.5-uM concentration of
ICG in DIUF water (yellow excitation and cyan emission lines), and DIUF water
(orange excitation and purple emission lines).
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Figure 6.2 is a plot of the excitation and emission spectrum of both the sulfur
colloid suspension in saline and 1 uM of ICG in DIUF water without addition of the
sulfur colloid. The excitation and emission spectra of the colloid suspension alone is a
negative control with results that reveal the non-fluorescent properties of the colloid.
That is, the colloid sample was found to have no apparent peak absorbance or emission.
The excitation and emission spectra for the colloid alone resulted in near-constant
intensity [a.u] across all measured wavelengths. The non-fluorescent properties of the
sulfur colloid are most apparent when plotted with the 1-uM ICG excitation and

emission scan, as shown in Figure 6.2.
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Figure 6.2 Normalized excitation and emission spectral data of' a 1-uM concentration of
ICG in DIUF water (blue excitation and pink emission lines) and sulfur colloid
suspension (yellow excitation and cyan emission lines).
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Figure 6.3 is the excitation and emission spectrum of both 1-uM ICG in DIUF
water and 1 uM ICG mixed with sulfur colloid. The excitation and emission spectra for
both samples are normalized by the maximum excitation and emission intensity [a.u.]
values of 1-uM ICG in DIUF water. The addition of the sulfur colloid to ICG dampened
the ICG excitation peak, however no shift or change in the peak excitation occurred. In
other words, the excitation peak for the ICG + colloid mixture was at the same
wavelength as the ICG in DIUF water mixture. The emission spectra results were
similar in that the addition of sulfur colloid to ICG lowered the ICG emission peak
intensity [a.u] but did not create an emission spectrum shift or total emission peak loss.

Ultimately the spectra results indicate that before addition of a sulfur colloid
suspension, ICG excites and fluoresces at distinct wavelengths in the NIR, and upon
dissolving with a sulfur colloid suspension, retains the abovementioned photochemical
properties. Additionally the sulfur colloid was found to have no radiative absorption or
relaxation properties; the addition of the colloid to ICG only dampens the peak ICG
absorption and emission rather than creating a total loss of fluorescence. Because ICG
was found to retain its photochemical properties when mixed with sulfur colloid, it can
be concluded as acceptable as a mixed species for fluorescence measurements on human

subjects undergoing lymphoscintigraphy.
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Figure 6.3 Normalized excitation and emission spectra of a 1-uM concentration of ICG
in DIUF water (blue excitation and pink emission lines), and a 1-uM concentration of
ICG in a sulfur colloid suspension (orange excitation and green emission lines).

6.1.2 Particle Sizing

In addition to the excitation and emission measurements, a particle sizing
measurement was performed to assess the stability of the sulfur colloid mixed with ICG.
Dynamic light scattering (DLS) was the technique used to determine the particle size of
the colloid with and without ICG. DLS measures the Brownian motion of particles and
through visible light scattering and relates the measurement to particle size. The criteria
for evaluating the colloid stability was simply assessing if the size of the colloid
remained the same when measured with and without ICG. If it is measured accurately

under both conditions, the physical composition of the sample is believed to not be
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compromised (i.e., no coagulation, precipitation, or change in suspension resulting from
addition of ICG). It is imperative that the colloid integrity is steadfast or else the
biokinetics of the inert colloid transport throughout the lymphatics may be hindered.**
The particle sizing was accomplished with a DLS machine developed by
Malvern Instruments Ltd. (Zetasizer 3000HS, Malvern, UK). The results provide a
quality factor reading (pass/fail) as well as an average diameter reading. Each sample
was read three times for statistical significance. Figures 6.4(a and b), 6.5(a and b), and
6.6(a and b), are the size reports for the colloid, colloid + ICG, and ICG, respectively.
The colloid alone had an average measured diameter of ~450 nm. This value is
consistent with the size of sulfur colloids reported in literature for sentinel lymph node

1 The colloid when mixed with ICG was found to have an average diameter

mapping.
of ~450 nm. Both readings passed the instrument's internal quality control assessment.
Therefore, the colloid's integrity was not compromised upon the addition of ICG. As a
negative control, DLS was performed on a solution of ICG in DIUF water. This sample
failed the quality assessment, giving erroneous particle size measurements. In light of

these favorable results on the mixture of ICG with the sulfur colloid, the protocol for

imaging patients is provided below.
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Figure 6.4(a) Dynamic light scattering size report of the filtered sulfur colloid used for
SLNM. The average diameter of the particle was measured using a Zetasizer (Malvern
Instruments Ltd, Malvern UK).
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Run Angle KCps. ZAve Poly Fit Time
1 90.0 139.6 4725 0.346 0.001939 03:24:05
2 90.0 147.6 4432 0.051 0.000420 03:31:08
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Figure 6.4(b) Second page of the dynamic light scattering size report of the filtered

sulfur colloid used for SLNM.
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Figure 6.5(a) Dynamic light scattering size report of a mixture of 1-uM of indocyanine
green and filtered sulfur colloid used for SLNM. The average diameter of the particle

was measured using a Zetasizer (Malvern Instruments Ltd, Malvern UK).
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Run Angle KCps. ZAve Poly Fit Time
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Figure 6.5(b) Second page of the dynamic light scattering size report of a mixture of 1-
uM indocyanine green and filtered sulfur colloid used for SLNM.
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Figure 6.6(a) Dynamic light scattering size report of 1-uM of indocyanine green in
DIUF water. The size report was obtained from a Zetasizer (Malvern Instruments Ltd,
Malvern UK).
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Run Angle KCps. ZAve Poly Fit Time
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Figure 6.6(b) Second page of the dynamic light scattering size report of 1-uM
indocyanine green in DIUF water.
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6.2 Protocol

The formal clinical protocol document (ID01-512) entitled, "Sentinel Lymph
Node Mapping Using Fluorescent Contrast Agents and NIR Optical Imaging," is
authored by the candidate under the UTMDACC Protocol Document On-Line System
(PDOL), managed by the UTMDACC Office of Protocol Research, and is approved by
the UTMDACC IRB. Patient consent forms are also controlled by UTMDACC PDOL.
A general description of what is lightly based on the IRB approved document is

provided below.

6.2.1 Objectives

The two-fold objective of the optical lymphography study is: (1) to construct an
optical ICCD system capable of frequency-domain measurements of fluorescence on
breast cancer patients in the nuclear imaging suite of UTMDACC, and (2) to
demonstrate the ability of the said system to dynamically or statically obtain fluorescent
images of sentinel lymph nodes, non-invasively on patients undergoing

lymphoscintigraphy using the non-specific fluorescent dye, ICG.

6.2.2 Background

Sentinel lymph node mapping is fast becoming a routine clinical practice in
assessing breast cancer metastasis. SLNM is accomplished (recall Section 1) by
employing nuclear imaging systems, which may aid surgeons in the identification of the
sentinel lymph node, or the first node which harbors metastatic drainage from the

primary tumor. This node, which is resected by the surgeon for histological analysis for
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the presence of breast carcinoma metastases, may be irregularly visualized (false-
negative) by gamma cameras, which function by imaging radiopharmaceuticals that have
been injected for localization within lymphatic system and lymph nodes. Although the
surgeon can visualize the sentinel node during surgery with the help of a blue dye,
fluorescence-enhanced optical imaging may become one methodology for imaging the
node non-invasively, and if proven, in the identification of positive nodes (with a cancer-
targeting fluorophore). Optical imaging may aid with node localization.

Despite being the gold standard, nuclear imaging requires radiopharmaceuticals
that are ionizing and bulky making them slow to drain through the lymph to the sentinel
node. The drainage of the isotope can be disrupted due to the presence of scar tissue,
hyperplasia, fatty degeneration and gross metastasis. Moreover it is unclear whether or

31, 35,222
7 Because there

not nuclear imaging performed before surgery is beneficial or not.
is no standardized procedure for the facets of SLNM, particularly the choice of radio-
isotope, the size of isotope colloid used, the injection site, injection volume, and the

timing of the imaging scans, optical imaging has potential to become the methodology of

choice for imaging the sentinel lymph node.

6.2.3 Procedural Steps

The protocol includes twelve human subject volunteers to be imaged using the
ICCD camera system in the nuclear imaging suites located in the 3™ floor of the main
hospital within the Division of Diagnostic Imaging and the Department of Nuclear
Medicine. The optical imaging will be in conjunction with each patient’s regularly

scheduled nuclear lymphoscintigraphy procedure, which is the hospital’s standard
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protocol for determining metastasis of cancer in the breast. Table 6.1 outlines generally

the steps for the optical lymphography study as they will coincide with the M.D.

Anderson SLNM protocol.

Table 6.1 The University of Texas M. D. Anderson Cancer Center Nuclear Medicine
sentinel lymph node mapping general procedure combined with fluorescence-enhanced
optical imaging as described in the ID01-512 protocol

Nuclear Lymphoscintigraphy Procedure

Optical Imaging Procedure

1. Local anesthesia is injected into the
breast using lidocaine mixed with sodium
bicarbonate.

2. Peritumoral injection of filtered
technetium 99m sulfur colloid at a dose of
0.5 mCi.

4. Breast area is gently massaged.

6. Diagnostic lymphoscintigraphy is
performed (either static or dynamic to
visualize lymph flow) with a gamma
camera.

7. The skin is marked with ink to delineate
the position of the sentinel lymph node
8. Intraoperative localization and excision
of the sentinel lymph node is performed on
the same day or the day after
lymphoscintigraphy.

3. Peritumoral injection of indocyanine
green in saline at a dose of 1 uM.

5. Fluorescence enhanced FDPM imaging
is performed

Briefly, the optical/nuclear SLNM procedure involves the peritumoral injection

of a mixture of the filtered Technetium 99m sulfur colloid (0.50 mL ~ 2.0 mCi of

activity, Mallinckrodt, Houston, TX) and indocyanine green at a concentration of 1 uM
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or less. The ICG will be provided by AKORN Pharmaceuticals, Inc. (Opthamalic and
Parenteral Health Care, Buffalo Grove, IL), who sponsors of the FDA IND.
Fluorescence imaging will then be initiated immediately following injection over the
tissue region of injection. The maneuverable, articulating arm, which holds the ICCD
camera and lens will be scanned over the site of injection, across the breast, to the axilla,
and on the sternum for imaging. The NIR laser beam will be expanded over this same
area for excitation of ICG into the lymphatics. Imaging and frequency-domain data
collection will be conducted in the nuclear medicine suite immediately after injection up
until the time for the first lymphoscintigraphy, which is estimated to be approximately
20 minutes following both technetium 99m sulfur colloid and ICG injections. During
the period of dynamic imaging, the patient will lie on her side or back to enable imaging
of the axillary and the internal mammary nodes. Dynamic and static FDPM images will
be conducted during the hours between injections and the final lymphoscintigrams.
After injection of the agent, the patient will wait in the nuclear imaging suite while the
breast area is massaged to expedite the flow of the sulfur colloid into the lymph. FDPM
images of fluorescent emission will be captured in the suite after the injection and
consent of the physician. Patients with palpable lesions only will be recruited. The
ICCD camera system will be focused onto the subject to collect a series of frequency-
domain data. The standard operating procedure for controlling the ICCD camera system
in the clinic will follow the steps listed in Table 6.2. The time frame for the entire
optical lymphography procedure is also estimated in Table 6.2. The total time required

of the patient to participate in the optical imaging component of the protocol is
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approximately 16.5 minutes. The total time for the outlined steps (involving start-up,

shut-down and removal of the instrument from the nuclear imaging suite) is ~33 minutes.

6.3 Standard Operating Procedure for Clinical ICCD Imager

The steps for operation of the FDPM ICCD system are described in a numerical

outline below. The procedure, initially developed as a reference for doctors and

clinicians who are to participate in the study and who require awareness of laser safety,

is provided here to demonstrate the actual clinical trial process.

Table 6.2 The step-by-step operation of frequency-domain optical imaging to be

undertaken on human subjects undergoing sentinel lymph node mapping in the nuclear
imaging suite. The steps are part of the optical lymphography protocol.

. Time for Other
Step-by-Step Operation Completion Information
1. Check safety placards and room security
2. Power on CCD Cooler
3. Power on CCD Controller Performed by
4. Open V ++ Imaging Software, open Cameral 10 min research graduate
s Allow CCD to cool to set point temperature:  -35 student
’ °C and monitor
Patient arrives and is made comfortable on nuclear Health care
6. ) . .
imaging bed and dons laser safety eyewear 5 min personnel may
7. Adjust camera height and positioning to patient perform this step
Count-down
2. Power laser controller and temperature regulator to 30 seconds pro.cedur.e prior to
lase 78-nm diode verification of eye
protection
9 Set laser diode current (50 mA) and temperature (15
. °C)
10. Power on Marconi; set to 13 dB and 100 MHz
. . . . Laser to be
11. Dim room lights (if possible) 30 seconds incident on patient
12 Turn on white light lamp to uniformly illuminate

patient in area of interest
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. Time for Other
Step-by-Step Operation Completion Information
13 Adjust laser to uniformly illuminate patient in area
’ of interest (use NIR card if necessary)
14. Turn on power supplies to image intensifier (gain 30 seconds  Start-up procedure
should be zero)
15 Power on PTS frequency synthesizer
’ (RF should be zero)
16. Power on ENI Amplifier
17. Slowly turn up RF on PTS to 13 dB
18 Adjust image intensifier gain via power supplies to
' desired signal
Focus camera onto patient with grid for patient to
19. .
hold on area of interest.
20. Allow patient to remove focusing grid.
1 Collect five white light images of patient area of
' interest with lamp on 15 min Data acquisition
22. Turn off white light lamp steps
23 Attach band-pass and band rejection filters to the
' lens for fluorescence imaging
24 Run FDPM imaging program via V++ and GPIB
' interface to synthesizers
25. Power off Marconi synthesizer Laser is removed
26 Power off laser diode controller and temperature 10 seconds  from patient at this
' regulator step
27. Slowly turn down RF power on PTS to zero
28. Power off ENI amplifier
29. Power off PTS .frequer}cy sypthes1zer Shut-down
30. Power off image intensifier 30 seconds
31. Turn on room lights procedure
32. Close Cameral using V++ imaging software
33. Power off CCD controller and cooler

6.4 Statistical Considerations and Data Management

The images acquired from the optical lymphography study will

be processed

identical to the FFT method described in Section 3. Images of lac, Ipc, and 6 will be

obtained and evaluated to determine the fluorescing lymph regions. The main factors to

be addressed are: (i) the overall ability of the ICCD camera system to track lymphatic
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flow to the axillary as well as the internal mammary nodes, (ii) the overall comparison of
optical ICCD imaging to the success of nuclear lymphoscintigraphy during SLNM, (iii)
the performance of optical fluorescence detection of the sentinel lymph node as a
function of depth, the location, and size, and (iv) possible pharmacokinetic analysis of
the transit of technetium 99m sulfur colloid in the lymphatics through dynamic optical
ICCD images of indocycanine green.

A total of 12 patients will provide a significant population for determining first
the ability to detect a fluorescent signal from ICG injected into the breast of a woman.
Upon realizing a true fluorescent signal, sentinel lymph node identification rates will be
performed by comparing the fluorescent signal (X,y) location to the marked region on the
body which identifies the sentinel node location and drainage patterns following
lymphoscintigraphy.  Additionally, negative predictive values [true negative/ (true
negative + false negative)], and positive predictive values [true positive/(true positive +
false positive)] from the lymphoscintigraphy and optical images will be assessed
following surgery. Lastly, TBR and SNR values (similar to that described in Section 5)
will be calculated and compared to the nuclear lymphoscintigraphy values using a paired
t-test with a=0.05. The images of lac, Ipc, and O may also be collected for tomographic
studies at the Photon Migration Laboratories. 3-D tomographic reconstructions may be
conceived for this proposal because reconstructions from data collected using plane-
wave area illumination and area detection have been accomplished. At the time of
writing this dissertation, the SLNM clinical trial has been terminated at UTMDACC and

is scheduled to be completed at Baylor College of Medicine in Houston, TX.
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7. SUMMARY AND CONCLUSIONS

A molecular imaging modality which relies on the detection of near-infrared
fluorescence emission was designed and studied for clinical translation. The optical
imaging system was developed to compliment and compare to the gold-standard
molecular imaging modality, namely nuclear imaging. Nuclear medicine dominates
clinical imaging of cancer relying on the injection of ionizing radiation into the body for
external detection and localization of disease. Nuclear imaging is widely used to
identify the spread of breast cancer cells throughout the axillary and sentinel lymph
nodes which surround the primary tumor. Lymphoscintigraphy has provided oncologists
with a method of mapping lymphatic flow so that surgical resection of positive lymph
nodes is possible. Optical imaging with a frequency-domain fluorescence-enhanced
ICCD camera system may provide adjuvant detection and become an optimal method for
detecting lymph nodes in the breast if it is shown to (1) accurately detect fluorescence
signals at clinically relevant depths, (2) optimally compare to nuclear imaging in Vvivo
through image quality comparisons, (3) sensitively measure dynamic changes in
fluorescence due to blood flow, and (4) safely provide a mobile, maneuverable, and
clinically adaptable device for combination with a federally approved drug that remains
stable during lymphoscintigraphy procedures on breast cancer patients. Hence, the
following conclusions were found as a result of the hypotheses enumerated above.

1. The clinical ICCD camera system sensitively detected Iac and 6, using several
different tissue phantoms that were constructed with ranging optical and

fluorescent properties. A probability theory was developed to inspect the mean
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depth of photon propagation upon a 10-ns change in fluorescent lifetime and
100-MHz change in modulation frequency. The probability was simulated to
mimic a clinical situation in which area detection and area illumination in a
reflectance geometry is employed. Accordingly, the excitation diffusion
equation was modeled in 1-D to simulate propagation of a planar wave.
Likewise, a three dimensional model was developed to simulate emission from a
spherically emitted fluorescent wave. The probability function was compared to
experiments in which the ICCD system accurately detected fluorescent signals up
to 9 cm in depth. Significant changes in the mean depth of photon density owing
to modulation frequency and fluorescent lifetime were also measured. Upon
addition of a target into the phantom to represent the presence of a sentinel
lymph node, the ICCD system sensitively detected perturbations in lac, Ipc and 0
up to 9 cm for a target located 1.5, 3.5, and 5.5 cm below the detection surface.

Upon comparing optical image quality to nuclear image quality in vivo, a
molecular imaging study found that the ICCD system measures at a significantly
greater signal-to-noise than conventional gamma imaging when detecting the
binding of a ligand to the membrane receptors of superficial melanoma tumor
cells grown in nude mice. Also, the improved image resolution and high photon
count enabled optical imaging to clearly delineate the melanoma tumor
boundaries relative to the nuclear image, which weakly delineated the tumor
boundaries and alternatively detected higher intensity signals from the kidneys

and liver. The dual-modality study demonstrated for the first time a direct
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nuclear and optical imaging comparison and emphasized the synergy between the
two molecular imaging modalities.

A continuous wave, point source-point dynamic fluorescence detection
measurement system was designed, constructed, and tested for the use in small
animal imaging studies. The system includes an avalanche photodiode detector
and bifurcated fiber bundle to non-invasively measure fluorescence at a point on
the animal's body upon injection of a fluorescent contrast agent. The dynamic
measurements more specifically provide a measure of the amount of fluorophore
in the blood when fluorescence is detected directly from the vein of a small
animal. The system was tested using three healthy nude mice and the results
showed that upon injection of a large concentration of indocyanine green,
fluorescence can be detected and that the contrast agent accumulation in the
blood follows a 2 compartment kinetic model, which describes the clearance of
the fluorophore from the blood by the renal system and the tissues.

Lastly, the ICCD system was constructed for clinical use on breast cancer
patients undergoing lymphoscintigraphy. Appropriate mounting and support
structures were designed for ICCD use within a nuclear imaging suite. A clinical
protocol was devised, a step-by-step optical imaging procedure was outlined for
combining with lymphoscintigraphy, and federal approval was achieved.
Moreover, indocyanine green, which is to be injected into patients for the optical
lymphography study, was combined with technetium 99m sulfur colloid

solutions and found to retain its photochemical properties. Additionally, the
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colloid suspension remained stable upon particle sizing with dynamic light

scattering measurements, thus supporting the feasibility of combining optical

contrast with nuclear contrast for imaging studies.

Overall, the abovementioned studies proved that optical imaging in the clinic can
be successful and may provide additional diagnostic imaging information for doctors
and clinicians if translated to the bed-side. Based on the favorable results, it is
recommended that the optical lymphography study be activated and proceed on
breast cancer patients. Future work should also include a statistical analysis on the
ability of optical imaging to detect the sentinel lymph node relative to the ability of

nuclear imaging.
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APPENDIX I
CALCULATION OF ATTENUATED EXCITATION AND EMISSION WAVE

A simple calculation for approximating the fluence at a distance of 2 cm away

from an isotropic and modulated point source is based on a homogeneous and infinite

solution to the diffusion equation described previously.*"’

New er
/l /T\
2cm

< »
<« >

The figure above illustrates the isotropic source (left) and the observation point (right) 2
cm away at which point the fluence, or attenuated modulated excitation light, is detected.
The equations below provide the magnitude of modulated photon density waves for the

excitation source, attenuated excitation light and attenuated emission light:

S(t)=Spc *(1+ S, sin(at))

exp(_j
F (r,t)=Sg TDé;[HSACM sin(at+P)]
-r

¢ e"p(aj
F (r,t):SDcl_m T2Dr [1+S,:Msin(wt+P)]

where S(t) [W] is the source wave; Fy(r,t) [W/cm’] is the fluence rate of the attenuated
source wave; Fn(r,t) [W/cm?] is the fluence rate of the attenuated fluorescent wave; & is
the diffusion penetration depth [cm]; D [cm] is the diffusion coefficient; r [2 cm] is the
distance between the source and observation point; Spc [W] is the steady state isotropic

source power; Sac is the modulation source power; P [radians] is the phase lag; M is a
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temporary variable representing the modulation; ¢ is the fluorescence quantum yield;
and t is the fluorescence average lifetime.

By creating a time array, t, source array, S(t), and fluence arrays, Fy () and Fp(1),
one can observe the difference in magnitude between the source wave and detected
emission and excitation waves. The emission wave is based on the decay kinetics of
indocyanine green previously reported in the literature. The plots below provide the
results for S, Fy, and F,.

The following parameter values were used in the calculation to produce the
photon density waves which are plotted in the figures below,

Ha=0.1 cm’!
ps' =10 cm’!
o =200’ MHz

1=0.56 ns
r=2cm

— Source wave, S(t)
—— Detected excitation wave, Fx(r,t)
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In the plotted photon density waves above, it is apparent that the source wave,
having a total amplitude of 1.0 W, is two orders of magnitude higher than the dampened
excitation fluence amplitude, which is equivalent to approximately 0.02 W/em®. The
dampened emission fluence amplitude is two orders of magnitude less than the

excitation fluence and is equivalent to approximately 0.0002 W/cm®.
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