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ABSTRACT

This dissertation describes the development of an Integrated Multimodal Imaging
System (IMIS) for intraoperative guided surgery. The IMIS consists of an unique small
field of view (FOV) gamma camera based on the silicon photomultiplier (SiPM)
technology and a video camera for simultaneous visible and near infrared fluorescence
(NIRF) imaging. The targeted tracers that are labeled with a radioisotope and a near
infrared (NIR) fluorophore are initially injected into the patient and accumulate in the
tumors or lymph nodes (surgical targets). The gamma imaging is used for initial target
localization through thick overlying tissue and the optical imaging is used to help
surgeons differentiate the targets from surrounding tissue once the targets are near the
surface. The IMIS components are integrated on a mobile cart that allows the system to
be transported to the operating room (OR). Our hope is that intraoperative imaging with
IMIS can help surgeons in the OR in a wide scope of procedures, including determining
the location and extent of primary carcinomas, detecting secondary lesions and
identifying lymph nodes during sentinel lymph node biopsy (SLNB).

The feasibility of the concept was demonstrated by successfully imaging surgical
patients in a clinical study during SLNB using the gamma imaging component of IMIS,
imaging tumor bearing mice pre-clinically and characterizing the performance of IMIS in

multimodal imaging in bench-top and simulated surgery experiments in the laboratory.
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CHAPTER 1: INTRODUCTION

At present, there exists a great need for improved means of intraoperative imaging
in multiple clinical settings in oncology. Better intraoperative imaging options in theory
correlate well with better information a surgeon has available intraoperatively, which
leads to better surgical decision making, improved patient outcomes and lower morbidity
rates. For example, the cancer recurrence rates for non-palpable breast lesions are
reported to be between 20 % and 50 % (1; 2; 3) and similarly between 15 % and 30 % for
colorectal cancer (4; 5). The false negative rates in melanoma have been reported as high
as 24 % (6; 7). Minimizing the cancer recurrence rates would result in decreased cost and

lower morbidity and trauma to the patient, which is the motivation behind this project.

1.1 Current practice of SLNB and carcinoma excision

A standard method of staging certain types of cancer is the sentinel lymph node
biopsy (SLNB) (8; 9; 10). This concept relies on the fact that in the spread of many types
of cancer, the metastasis will pass down the lymph system, and some cancer cells with be
deposited in the first (sentinel) lymph node. The ability to biopsy this node and assess the
presence or absence of cancer metastasis in the node is one of the most important
prognostics tests today and can help guide decisions about patient treatment. The

majority of the SLNB procedures today utilize injecting the patient with blue dye and



%mT¢ sulfur colloid (*™Tc-SC), and employing preoperative imaging and intraoperative
nuclear counting with a hand-held probe as a standard of care. However, multiple
publications have recently reported that the success rates in identifying SLNs with the
nuclear medicine methods are as good as with the visual blue dye detection method, even
favoring the nuclear medicine methods alone (11; 12). Furthermore, in some cases
staining from the blue indigo dye can cause unnecessary aesthetic issues in post-surgical
tattooing of the skin of the patient; this can cause inconvenience particularly when the
lymph nodes are near the patient’s face (13). The nuclear medicine methods alone will be
discussed in more detail in this section.

The SLNB procedure most commonly involves preoperative planar
lymphoscintigraphy and intraoperative gamma probe detection. Preoperative planar
lymphoscintigraphy is sometimes used concurrently with single photon emission
computed tomography (SPECT) and x-ray computed tomography (CT) that require the
patient to be imaged with a fixed gamma camera (FGC) or a dedicated SPECT-CT
imaging system. The three dimensional imaging of SLNs by SPECT-CT can significantly
improve the correlation between the locations of high radioactivity concentration and the
anatomical map of the patient and show more accurate information about the exact
location of the nodes and lymphatic drainage patterns (14; 15; 16) compared to two
dimensional lymphoscintigraphy alone. The reason that the SPECT-CT method is not
used regularly is because of the greater radiation dose from the x-ray CT to the patient
compared to lymphoscintigraphy alone as well as a considerable increase in equipment
cost, while the method still fails to address the need for intraoperative imaging of the

patient. On occasion, postoperative ex-vivo planar gamma imaging of excised nodes is



used, but as most OR suites do not have the gamma cameras available on-site, most
frequently the nodes are sent straight to pathology for staining and microscopic
inspection.

The intraoperative gamma probe method has been gaining popularity in the last
two decades as an intraoperative complement to the visual blue dye inspection method,
and coupled with planar preoperative lymphoscintigraphy has become a standard of care
in cancer staging. In this procedure, the preoperative imaging is performed first by using
the FGC, which gives information about the lymphatic drainage patterns of the injected
%9mTc-SC, and aids surgeon in developing a plan of surgery before the incision is made.
In more detail, the patient is injected with a standard dose of **™Tc-SC in the nuclear
medicine imaging suite the day of, or the day before the surgery. The patient is then
imaged with a conventional fixed gamma camera and the pathways of lymphatic flow
and lymph nodes are recorded on the images and marked on the patient. In the operating
room (OR), the surgeon uses a hand-held gamma probe, which is a radiation-detecting
device that uses auditory signals and meter read-outs of counts detected to provide the
feedback to the location of *™Tc-SC within the patient. The surgeon then removes all
lymph nodes whose gamma probe count rate in-vivo exceeds one tenth of the count rate
of the hottest lymph node ex-vivo (17; 18). However, practical and technical drawbacks
exist with this method. Some of the drawbacks are related to the equipment — for example
the non-imaging characteristics of the gamma probe (presents only auditory signal and
count rate information) or imperfect hardware intrinsic properties of the probe like the
wide activity acceptance angle. The wide acceptance angle and the wide radial sensitivity

distribution without the ability to precisely single out the source within the patient can



even further confound a complicated distribution process of radioactivity in the lymphatic
system, whereas the spatial position and the uptake level vary depending on cancer type
and location. For example, the injection spot and the SLNs can be very close in breast
and head and neck tumors, while they are usually far apart in melanoma; on the other
hand, the uptake of radio-nuclide in the SLNs is usually higher in melanoma, lower in
breast cancer and can vary strongly in prostate cancer, typically varying between 0.01 %
and 1 % (median 0.1 %) of the injected dose (19). Other drawbacks of this method are
related to logistics — for example the inability of the surgeon to acquire additional
lymphoscintigraphy images once the patient is in the OR, in case the gamma probe or
FGC findings are inconclusive or the intraoperative findings call into question the
preoperative findings. Postoperative imaging is not routinely performed in the OR as
discussed in the paragraph above due to lack of imaging equipment on-site. Finally, there
are significant non-technical concerns with this method, like the additional patient
scheduling issues connected to imaging with the FGC, which can add significant wait
time between the FGC imaging and actual surgery. The scheduling issues can even
extend to patients needing separate injections for cases scheduled for morning SLNB
with the FGC imaging performed the day before the surgery in that case.

With this in mind, it is clear that the intraoperative imaging during the present
standard of care surgical procedure can be improved upon; possible ways of addressing

some of these issues will be discussed in the next paragraph in more detail.



1.2 Considerations of different imaging modalities as related to

SLNB and carcinoma excision

To address how the guidance procedure and other issues can be improved for the
SLNB practice described in the previous paragraphs, important properties of imaging
modalities relevant to this imaging task need to be considered first. The overall
performance and task-specific effectiveness of all imaging modalities in general are
determined by the fact that there is typically an inverse relationship between spatial
resolution and sensitivity, as well as among a multitude of other parameters that affect the
use of a modality; parameters like the imaging time, field of view imaged or ease of
handling and logistics can vary significantly depending on the imaging task and the
modality. It is important to evaluate which procedure task-specific parameters are
important in various imaging modalities to be able to judge which ones are useful for
each surgical procedure. For example, an ideal intraoperative surgical guidance system
would help guide the surgeon to the location of the tumor or SLN (i.e. the location of the
target or targets) and then provide information about the extent of the tissue that needs to
be removed. In the case of tumor mapping, the image guidance system ideally would
detect the borders of the tumor with high resolution and with high sensitivity for the
signal emitted by the tracer. The surgeon can use this information to excise the tumor
fully, as tumor cells remaining in the patient could lead to cancer recurrence. Note that
this means that the system needs to have high sensitivity and spatial resolution both
through several centimeters of tissue (prior to the incision) and when the target is near the

surface. Furthermore, two additional task-specific requirements are that this system



should be compact so it can be maneuvered within the OR easily by the surgical staff,
and that the system can be operated close to real-time as not to prolong the surgery
significantly compared to the present standard of care procedure.

Unfortunately, no single imaging modality possesses all of these characteristics.
For example, the x-ray based imaging modalities provide excellent resolution images
with high penetration power; however the radiation dose concerns, high tracer
concentration necessary for tracer distribution visualization, and the size of the x-ray/CT
equipment prevent this modality for being useful intraoperatively for the SLNB
procedures. Ultrasound on the other hand is compact and utilizes hand-held transducers,
but has low sensitivity and spatial resolution in detection of deep breast lesions and
lymph nodes (20) and has a lack of tumor-specific targeting agents. MRI has very good
spatial resolution and good tumor sensitivity but limited specificity (can lead to high
number of false positives). Most importantly, MRI is expensive and hard to translate to
the OR logistically, requiring dedicated operating suites and specialized instrumentation
while obstructing surgeon’s access to the patient during imaging. The nuclear medicine
techniques (PET and SPECT) offer good sensitivity through substantial tissue thickness.
They can additionally be translated to hand-held use with the recent advent in the field of
photomultiplier tubes (PMTs) (21; 22; 23), but their spatial resolution is lower compared
to the modalities mentioned above. Finally, optical imaging techniques using fluorescent
agents can provide excellent spatial resolution and can be translated to the OR fairly
easily. The advantage of optical imaging compared to nuclear medicine imaging for real-
time surgical guidance is that the imaging can be done from distances (several decimeters

away from the patient), allowing the surgeon ready access to the surgical site. However,



the sensitivity through thick tissue is poor and the tissue attenuation limits depth of
penetration of photons to about 1 — 2 cm in the near-infrared range (700 - 900 nm). This
fact prevents the NIR imaging alone from being adequate for localization of tumors and
secondary lesions, and renders this modality impractical for the task of initial localization
of surgical targets.

From the standpoint of targeted tracers for use in intraoperative imaging, recent
advances and discoveries in the field of biochemistry and targeted imaging agents have
allowed for unmitigated growth and interest in the molecular imaging. The majority of
these agents are designed for nuclear medicine modalities (PET and SPECT) because of
the high sensitivities of these modalities compared to other modalities discussed above,
which can allow for detection of low concentrations of the agent. However, significant
progress (24; 25; 26) has been reached in developing tracers for optical and NIRF
imaging, even with concerns of low tissue penetration ability of this modality and the

limited number of NIR fluorophores approved for clinical use in humans.

1.3 Discussion on improving the intraoperative guidance

procedure during SLNB and carcinoma excision

Following the discussion in the previous sections, it is apparent that no single
modality can satisfy all of the important requirements for the SLNB and tumor surgery.
However, a combination of modalities could provide more complete information about
the location and extent of the tumors and lymph nodes or other targets of interest within

the patient. This concept has been evolving over the last decades and is still reaching its



peak, as a PubMed search for phrase “multimodal imaging” shows an exponential growth
in the number of published publications over the last ten years. Consequently, modalities
that could be combined from technical and practical standpoint to provide the surgeons
with a more complete set of information about the location and extent of tumors and
lymph nodes within the patient were considered for the system described in this
dissertation.

A combination of planar gamma scintigraphy and near infrared fluorescence
(NIRF) imaging can overcome the limitations of separate imaging modalities and satisfy
the imaging requirements necessary for surgical procedures that utilize injected tracers.
These two imaging modalities are complementary in that the gamma scintigraphy
provides good spatial resolution and high sensitivity tracer imaging through thick
biological tissue to assist the pre-incision tumor or lymph node localization, while the
NIRF modality provides excellent spatial resolution for precise visualization of SLNs or
tumor margins near the surface once the surgeon is near the target.

These two modalities have been extensively evaluated separately in recent years
for intraoperative image-guided SLNB for various types of cancers. Prototype small FOV
gamma cameras have been successfully tested for intraoperative gamma scintigraphy in
breast cancer SLNB (Aarsvold/GammaCAM, Mathelin/CarollReS, Scopinaro/IP-824),
melanoma SLNB (Stoffels/Sentinella, Dengel/13 x 13 cm camera), oral cancer SLNB
(Tsuchimochi/SSGC) and prostate and testicular cancer SLNB (Vermeeren/ Sentinella)
among others. On the other hand, the NIRF imaging has been tested for intraoperative
guidance for breast cancer SLNB (Hirche/IC-View, Troyan/FLARE, Hutteman/van der

Vorst/mini-FLARE, Sevick-Muraca/FDPM, Kitai/Tagaya/PDE, Olcott/NodeView,



Garbay/Minicam 11, Goto/Motomura/2020tc, Kerrou/Pitre/POCI), melanoma SLNB
(Tanaka/Namikawa/PDE, Olcott/NodeView), cervical SLNB (Crane/Munich prototype,
Schaafsma/mini-FLARE) and head and neck SLNB (Bredell/PDE, van der Vorst/mini-
FLARE) among others. These imaging systems and studies will be discussed in more
detail later in this dissertation.

Gamma and NIRF imaging have been used together in a recent preclinical study
in pigs (Fujii/Coded aperture with a SMART camera and FLARE), showing promising
results for using these two modalities complementarily (27). However, the authors
reported that the system used in their preclinical study exhibited poor logistics and
handling characteristics that are crucial for a successful SLN mapping and
implementation of any new imaging systems in surgical mainstream. The authors were
only able to position the coded aperture system to image the patient in upward facing
direction due to the size and bulk of the coded aperture mask, detector/shielding
combination and rigid attachment to the FLARE imaging system. Combined with other
confounding factors related to the performance of the gamma camera, this system in
particular was not deemed potentially useful in the OR environment in its present
condition.

The visible/NIRF and gamma modalities could be implemented in intraoperative
use if the logistics can be synchronized not to impede the standard intraoperative surgical
flow and the imaging systems provide clear access to the surgical field. The NIRF
imaging task can be done in real-time, and the gamma imaging modes can be adapted to
provide good images to the surgeon in less than 30 seconds. These properties allow a

combined gamma/NIRF system to be used in a way that will not hinder surgical flow
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physically or temporally. This dissertation describes the development of an Intraoperative
Multimodal Imaging System (IMIS) to aid image guided surgery in a wide range of
procedures including but not limited to the SLNB and tumor surgery. The IMIS consists
of an unique small field of view (FOV) gamma camera based on the silicon
photomultiplier (SiPM) technology and a video camera for simultaneous visible and near
infrared fluorescence (NIRF) imaging. In the following chapters, the physics behind the
imaging modalities of the IMIS and the technical components that comprise both
subsystems will be described. The performance of the subsystems working separately and
in unison through a series of bench-top experiments, preclinical and clinical studies will

be presented.
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CHAPTER 2: GAMMA MODALITY

The core of the gamma modality consists of a gamma camera that is able to detect
gamma rays being emitted by radioactive tracers injected in the patient. In this section,
the principles of gamma ray imaging, detection and interaction with matter as well as the

equipment and parts used to construct the gamma subsystem are described.

2.1 Gamma ray imaging

Gamma rays are an example of electromagnetic radiation of high energy, which
are most commonly produced by radioactive decay from high energy states of atomic
nuclei, but also by other nuclear and sub-atomic particle interactions. The types of
interaction of gamma rays with matter are Compton scattering, photoelectric ionization
and pair production. The nature of interaction by which most gamma rays are detected is
photoelectric ionization and this detection process, as well as the necessary equipment for
the gamma camera described in this dissertation, will be discussed in subsequent sections.
The discovery of radioactivity and radioisotopes in the late 19th century quickly led to
their use in the field of medicine. However, it was not until the late 1930s and emergence
of appropriate facilities that could produce artificial radioisotopes (cyclotrons and fission
reactors) that the field of nuclear medicine fully emerged (28). These radioisotopes were

used progressively in therapeutic and laboratory procedures, which fueled the
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development of radiation monitoring equipment to track the distribution and amount of
radioisotopes in-vivo or in-vitro. Initially, these devices were limited to output only a
count-rate value, but with work of Cassen (29) and later Anger (30), they evolved to a
point where they could output a two dimensional image, which significantly improved
the surgeon’s ability to judge the radioisotope distribution and concentration. The advent
of PET and SPECT concepts in the 1950s and their widespread use from 1960s through
1980s was respectively followed with concepts like fusion of PET and SPECT with CT
(1990s) and MRI (2000s). Coupled with the development of targeted tracers and
molecular medicine, the nuclear medicine has become one of the major contributors to
improving patient outcomes in oncology and beyond.

At present, mobile gamma cameras (MGCs) with small form factor offer surgeons
the ability to assess the distribution within the surgical patient of injected radiotracers or
radiopharmaceuticals, a task currently left to inspection of preoperative scintigraphic or
SPECT images and the intraoperative use of non-imaging gamma probes. Small FOV
MGCs have been used in various procedures as mentioned in the previous chapter to
assist the standard non-imaging gamma probes by providing more precise information
(and in a shorter time) on the distribution of radioactivity in the cancerous versus
surrounding healthy tissue. The present standard of care non-imaging probes suffer from
a number of limitations, including limited to no spatial resolution, operator dependence,
difficulty in quantification of radioactivity because of the strong dependence of their
sensitivity upon probe-to-source separation, and no ready means of providing

documentation of activity spatial distribution.
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2.1.1 Gamma ray detection

The first attempts at building a gamma camera came in 1952 (31) by Hal Anger;
however, his blueprint of the camera in 1957 (32) is better known, and this basic design is
still used today (Figure 1). In general, a gamma camera consists of one or more crystals
(scintillators) coupled to an array of photomultiplier tubes that are connected to readout
electronics and a computer; the camera can also make use of a collimator. The
scintillators are materials that exhibit scintillation, a physical process in which the

material emits photons as a result of an ionization event in the material.
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Figure 1: Sectional drawing of Anger's gamma camera (32)
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The scintillator material can be organic or inorganic, and the most commonly
used scintillators in imaging detector technology are certain types of inorganic crystals
which can be seen in Table 1. During the photoelectric absorption process, the gamma
ray gives all of its energy to an electron in the scintillator detector and knocks it out from
the atom. Filling of the vacated hole by the electrons from the outer shell produces a
characteristic photon that is collected by photodetectors such as photomultiplier tubes
(PMTs). By optically coupling the scintillator crystal to arrays of PMTSs, the photons
incident on the photocathode of a PMT liberate photoelectrons through the photoelectric
effect. These electrons are then accelerated by a strong electric field in the PMTs into
dynodes, releasing additional electrons, and this process is repeated several times (Figure
2). After the charge amplification process (with the gain typically on the order of 10°),
the charge packet reaches the PMT anode, which is connected to the electronic readout
equipment; the magnitude of the charge is ideally proportional to the incident energy of

the gamma ray.
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Figure 2: Photomultiplier tube schematic (33)
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Peak
Attenuation Decay
Hygro- | wavelength Light yield Density
coefficient at time
scopic emitted (photons/keV) | (g/cm?)
140 keV (cm™) (ns)
(nm)
Nal:Tl Yes 415 3.12 38 3.67 230
Csl:Na Yes 420 4.46 43 451 630
Csl:TI Slightly 540 4.53 56 451 1000
LaBr3:Ce Yes 380 3.42 63 51 16
BaF, Slightly 220 1.82 2 4.89 0.7
Bi4Ge3012
No 480 11.76 9 7.13 300
(BGO)
LYSO No 425 11.28 27 7.1 41

Table 1: Properties of common scintillation materials (34; 35)
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2.1.2 Properties of gamma scintillators

The properties of scintillators determine their usefulness for a particular task like
the application in medical imaging. Some of the important characteristics relevant to this
task are short decay time, high density, low cost, high light yield, transparency to its own
emitted light and linearity. There are often small amounts of impurities (dopants)
introduced in these crystals (a process called activation) to improve some of the above
mentioned properties. In a pure inorganic scintillator, the process of emission of light
photons after absorption of gamma rays is inefficient. By adding proper impurities, some
of the newer inorganic scintillators can achieve very high light output and good energy
resolution with solid physical properties compared to typically used thallium doped
sodium iodide and cesium iodide (Nal:Tl and Csl:Tl); Lanthanum (l1I) bromide
(LaBr3:Ce) is an inorganic halide salt that was discovered by researchers in Delft and
Bern Universities in Europe (36). With the developments in the manufacturing and
crystal growth process, the LaBrs crystal is made today as robust as the conventional Nal
crystals, and packaging the crystal properly minimizes the effects of its poor
hygroscopity properties. For example LaBrs is ~ 1.4 times as dense as Nal:Tl, has ~ 1.6
times the light yield of Nal:Tl and has a 16 ns decay time (Nal:Tl has a 230 ns decay
time). Based on these properties, a LaBrs:Ce single crystal scintillator (BrilLanCe 380,
Saint-Gobain Crystals, Hiram, OH) was selected for the gamma camera described in this

dissertation.
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2.1.3 Silicon Photomultipliers

Until recently, conventional PMT vacuum tubes were almost exclusively used in
the construction of gamma cameras, to perform the charge amplification. The main
drawback of using conventional PMTs in gamma cameras for intraoperative use is their
size and the resulting weight of the camera housing, which limits the mobility,
maneuverability and practical hand-held use of the camera. In recent years, Multi-Pixel
Photon Counter (MPPC), also called a Silicon Photomultiplier (SiPM) has been
introduced as a replacement for conventional PMTs. The MPPC is a type of a photon
counting device that is made up of multiple avalanche photodiodes (APD) connected in
parallel and operated in Geiger mode. Geiger mode is achieved by biasing the SiPM with
a voltage higher than the breakdown voltage by a few volts (37). APDs are in themselves
high-speed, high-sensitivity photodiodes. When light photons are incident upon an APD,
electron-hole pairs can be generated if the light energy is larger than the band gap energy.
In Geiger mode the APD then internally multiplies the number of valence electrons,
thereby converting a low-level light signal into a large electrical signal. Each APD pixel
of the MPPC generates a pulse signal when it detects a photon. To create an area
photodetector, arrays of MPPCs are used. SiPMs have been shown to be comparable in
total quantum efficiency (~ 20 %) and gain performance (10°) to the conventional PMTs
(38), in addition to having several advantages like the lower voltage bias operation,
insensitivity to magnetic fields, and most importantly, ruggedness and a significant
reduction in size. The insensitivity to magnetic fields is an added bonus for general use in

the OR as it allows for wide array of surgical tools to be used near the camera, as well as
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the option for integration of the camera with any magnetic resonance equipment. SiPMs
exhibit thermal noise that increases with increasing ambient and device temperatures. The
significant reduction in size is crucial as it improves logistics and allows the cameras to
be used in a hand-held operation compared to an operation mode where the camera is
connected to a gantry arm or a part of a larger, non-moveable imaging system. The
Hamamatsu SiPMs were a chosen for the system described in this dissertation. This
choice was made partly due to the fact that their photon detection efficiency (PDE)
spectrum (Figure 3) is better matched to the emission spectrum of LaBrs:Ce (Figure 4)
compared to a different SiPM model (SensL Corp., Lexington, MA) that was tested

during the design process (39).
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Figure 4: Scintillation emission spectrum of the BrilLanCe380 crystal (35)

2.1.4 Gamma ray collimation and image formation

Due to the fact that the gamma ray emission from a radioactive source is an
isotropic process (non-preferential in terms of direction), a collimator is required in front
of the gamma camera to aid image formation by helping define the incident direction of
the gamma ray and avoid flooding of the gamma camera. A common image forming
element for gamma camera imaging with a good balance of detection efficiency and
spatial resolution is a parallel hole collimator. This collimator typically has an array of
closely spaced holes of same shape (they can be square, round or hexagonal), and
projects an image of the same size as the object onto the detector. The collimator is a
necessary piece of the gamma imaging system and it is an important factor in determining

the camera’s performance due to the fact that by design it rejects the vast majority of the
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incoming gamma rays. It must be carefully designed in order to maximize the gamma
detection efficiency (the ratio between the photons that pass through the collimator
compared to the number of photons incident on the collimator), while providing a spatial

resolution that is adequate for the imaging task at hand.
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Figure 5: Parallel hole collimator principle

A primary consideration (30) in designing a parallel hole collimator is to make
sure that the wall (septal) penetration of gamma rays from one collimator hole to another
is sufficiently small. A standard rule of thumb is to keep septal penetration under five
percent (30). The dimensions of the holes also play a vital role in the performance of the
collimator. Collimator hole length I, diameter d and shape constant K all affect the

resolution and efficiency of the collimator according to the equations below (30):
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where b is the distance between the source and the collimator, ¢ is the distance between

the collimator and the scintillator and t is the wall (septal) thickness. The quantity

l.=1-2ut is the effective length of the collimator, where p is the total linear absorption
coefficient of the material and its inverse is the mean free path of the gamma ray in a
given material. The shape constant K depends on the shape of the holes and their
distribution pattern, with values of K = 0.282 for square holes in a rectangular array, K =
0.238 for round holes in a hexagonal array and K ~ 0.26 for hexagonal holes in a
hexagonal array (30).

Note some interesting properties of equations 1 and 2. The spatial resolution of
the parallel hole collimator changes linearly with the distance of the source from the
collimator, while the efficiency does not depend on this parameter. This is because the
efficiency of a single hole decreases as b? as b increases, while the total number of holes
that the photon can possibly pass through the collimator increases as b2 as b increases, so

these two factors cancel each other. Note that the resolution depends directly on the
2
factor 19 while the efficiency depends inversely on (19) , Which means that the collimator

resolution can only be improved at the expense of collimator efficiency. As a final
remark and an order of magnitude example, for a typical high efficiency low energy
collimator with a hole diameter of 0.25 cm, hole length of 2.5 cm, septal thickness of
0.03 cm and hexagonal hole shape, the resolution at b = 0 and efficiency are 0.25 cm and

~ 6 x 10 respectively (41).
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2.2 Hand-held SiPM gamma camera design

Based on the experience from a previous evaluation of a larger, arm-mounted
MGC (42), our University of Virginia surgeon collaborators desired a more compact
camera with a round shape for easier positioning in tight locations. Ideally, this camera
would be capable of both hand-held and arm-mounted operation. Facilitated by the recent
increased availability and lower cost of SiPMs, a round format, lightweight gamma
camera was designed and built. In the following sections, the setup and hardware of the

gamma system will be presented.

2.2.1 Gamma scintillator

The scintillator used in this gamma camera is a single crystal of 5 % cerium
doped LaBrs, commercially available as BrilLanCe 380 from Saint-Gobain Crystals,
Hiram, OH. The crystal is 6 cm in diameter and 6 mm thick and is packaged in a hermetic
aluminum package (visible at the bottom of the stack of components shown in Figure 7).
The hermetic package has overall diameter of 7.5 cm and height of 9.5 mm and is

necessary due to the hygroscopic nature of LaBrs.

2.2.2 MPPC module

The SiPM array was built from eighty 3 x 3 mm2 model S10362-33-050P MPPCs

from Hamamatsu Photonics, Hamamatsu, Japan. Each MPPC has a 50 um pixel pitch.
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The MPPCs were arranged in a roughly circular pattern with a central 8 x 8 square array
bounded on each side by a 1 x 4 array (Figure 6). The diameter of the printed circuit
board (PCB) module is ~ 65 mm and the thickness is ~ 5 mm. The MPPC pitch is 6 mm.
Although the inter-MPPC gaps are not minimized, this pitch is adequate to sample the
broad light distribution of the LaBr3 scintillator. The scintillator is coupled to the MPPC
array using polydimethylsiloxane (PDMS) coupling compound to improve the
scintillation light transfer to the MPPCs and insure a sturdy coupling between the SIPM
board and the scintillator. Assembly of the MPPC array on the amplifier board was
executed by Adaptive /O technologies (Newport News, VA). In this setup, each MPPC
is supplied with its own readout channel. Note that the reason for not placing the MPCCs

closer to each other is to achieve a balance of performance versus cost.

_ VPPCBODBSPE 2

Figure 6: Hamamatsu MPPC arrangement of 80 units (left); module connected to the readout system

(middle) and PCB thickness measurement (right) (43)
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Figure 7: Back of the PCB with Hamamatsu MPPCs inside the delrin ring housing with cables leading to

the readout electronics system
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Figure 8: Map of five regions of 16 MPPCs powered by separate SIP90 power supplies
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2.2.3 Power supplies for the SiPMs and the temperature compensation

To supply the bias voltage, the MPPCs are split into five groups of 16 MPPCs
(Figure 8) with each group powered by a separate SIP90 power supply from EMCO High

Power Corporation, Sutter Creek, CA (Figure 9).

mx M»»g;;._ LS ,‘

Figure 9: Power supply box for the MPCC array with SIP90 power supplies along the bottom of the photo

and the Hamamatsu power supplies and the temperature compensation circuit on the right

The temperature effects on the MPCC reverse voltage have been explored with
the rapid development of the SiPM technology (44; 45). With the decreasing bias voltage,
the photopeak position also decreases and this effect can be seen in Figure 10 (decrease
by a factor of about two in 10 °C). The instability of the photopeak position in human

studies in the OR can lead to false negatives if the peak moves too low and outside the
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energy acceptance window (the photopeak position data from the clinical SLNB study
will be shown in chapter 5). This is an unacceptable variable in human studies, and the
implementation of a temperature compensation circuit is necessary. To avoid these
temperature related issues, Hamamatsu C11204(X) high voltage power supplies can be
used, providing up to 90 V output (Figure 9). This allows for more precise matching of

the gains and improved energy resolution performance of the camera overall.
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Figure 10: Hamamatsu MPPC temperature effects - photopeak position vs. temperature of the MPPC (43)

Each Hamamatsu power supply has an integrated microcomputer with an
automatic temperature compensation function. This temperature compensation method
allows the MPPC gain to be kept constant by changing the reverse voltage according to
the ambient temperature. Two LM73CIMK-0 (National Semiconductor Corporation)

sensors have been mounted on a dedicated PCB on top of the SiPM array inside the
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camera housing to track the temperature (Figure 11). The formula for the temperature

compensation is:

V=A (T-BASE) + V., equation 3

where V is the high voltage output, A is the temperature coefficient [V/°C], T is the
temperature of the sensor in the camera housing [°C], BASE is the reference temperature
[°C] and V. is the reference voltage [V] (46). The default values in equation 3 for the two
Hamamatsu power supplies are a temperature coefficient of 0.056 V/°C and reference

voltages of 72.5 and 72.7 V respectively at room temperature of 25 °C.

Figure 11: Gamma camera assembled with the temperature sensor board on top



28

2.2.4 Electronics readout system

The sum of the signals from the eighty SiPMs is sent to a leading edge
discriminator (Figure 12) whose input is buffered and amplified by a wide bandwidth op-
amp and then compared to a potentiometer-set threshold in a high speed comparator
MAX901. The output of the comparator triggers a one-shot circuit which generates a
potentiometer-controlled pulse. A second one-shot circuit is also triggered which inhibits
re-triggering the first for a fixed time period, thereby avoiding undesirable ringing trigger
response. Two user-controlled potentiometers control the threshold and the dead time.
Depending on these parameters and the activity of the source measured, effects like pulse
pile-up and loss of counts due to high count rate may occur. The final output signals a
trigger for the ADC conversion. The camera analog data is read out by two high speed
FPGA-based multichannel data acquisition (DAQ) modules designed and built by AIT
Instruments, Newport News, VA: one with 64, and a second one with 16 ADC channels
(DAQ6400U and DAQ1600U respectively) (47). The 16 channel module reads the four
outer groups of 4 MPPCs, while the 64 channel module reads the inner square group of 8
x 8 MPPCs. The ADC module’s design permits event timing synchronization via CAT5e
connection between the units (48). The ADCs transmit conversion data over USB to the
acquisition computer where the core acquisition functions are performed with custom-
written software. Basic data acquisition functionality is implemented with a set of Java
based routines, and Java extensions are used to interface with a graphical user interface
(GUI). The GUI is written in the data acquisition programming environment Kmax

(Sparrow Corporation, Daytona Beach, FL). Java modules are used for energy and center
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of gravity (COG) position calculation, while the GUI displays the raw and the
uniformity-corrected images with an ability of applying various energy or positional
conditions. The GUI will be described in more detail in chapter 4. The schematic of the

hardware described in the previous paragraphs can be seen in Figure 12.
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CAToe cabl USB Acquisition
Sum © cable computer
16 channel
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Figure 12: Schematic of data acquisition hardware used to read out the SiPM gamma camera

2.2.5 Camera assembly and housing

The outside housing for the gamma camera was designed and built in Thomas
Jefferson National Laboratories out of CMW-1000 machinable tungsten. There is an
inside housing layer (Figure 13) made out of black Delrin (polyoxymethalyne) that has a
dual purpose — it seals the scintillator, MPCC board and the temperature sensor board
from light leakage, and it also improves the sturdiness of the gamma camera by
eliminating possible movement of components within the tungsten housing during hand-

held operation.



Figure 13: Delrin light shield housing

Figure 14: Demonstration of hand-held operation of the gamma camera

30
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2.2.6 Parallel hole collimator

The camera is equipped with a custom designed tungsten-polymer composite two-
part collimator fabricated by Mikro Systems (Charlottesville, VA) with an active
diameter of 60 mm and overall diameter of 75 mm. The collimator has a unique magnet-
based quick assembly/disassembly alignment mechanism (49) that allows precisely
aligned stacking of two layers of the collimator to accommodate either high resolution
(two-layer) or high sensitivity (single layer) imaging (Figure 15).

Following equation 1 and equation 2, the system and collimator performance were
designed to be comparable to a conventional gamma camera while keeping size
considerations in mind and keeping the weight of the camera down. The collimator hole
pitch was chosen to be 1.0 mm in order to assure that the collimator geometric blurring

had minimal impact on the overall camera spatial resolution.

Figure 15: Parallel hole collimator with the magnetic locking mechanism on the perimeter
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Figure 16: Collimator efficiency and resolution versus the hole size

Figure 16 contains plots of the theoretical collimator efficiency and spatial
resolution for a 1.0 mm hole pitch, with varying hole size. For each hole size, the hole
length was adjusted to result in a 5 % septal penetration (30). This figure shows that,
given above mentioned constraints, the maximum geometric efficiency (4.8 x 10™)
occurs for a hole size of 0.6 mm. The corresponding hole length is 5.5 mm, which was on
this basis chosen as the single layer thickness. Figure 17 plots the collimator spatial
resolution and geometric efficiency for changing hole length. Two vertical red lines show
the length corresponding to one and two layers. The figure shows that for a single layer
operation, the collimator resolution at a source-to-collimator separation of 5 cm is 7.2
mm FWHM and the geometric efficiency is 4.8 x 10™. For two 5.5 mm layers stacked,
the resolution becomes 3.7 mm FWHM and the collimator geometric efficiency is 1.0 x
10*. The corresponding theoretical septal penetration of the collimator for these

particular hole lengths is then 4.5 % and 0.2 % respectively.
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Figure 17: The efficiency and resolution trade-off with single versus double collimator layer

The linear attenuation coefficient of the tungsten polymer material that was used
to manufacture the collimator for the gamma camera was measured using thin tungsten
polymer samples acquired from Mikro. A small acrylic lesion (9.9 mm OD) was filled
with a *™Tc-pertechnetate solution (activity of 37 MBq) and positioned 1 cm above a 40°
acceptance angle 1 mm diameter pinhole collimator from Mikro. The pinhole collimator
material was otherwise comprised of 10.6 mm thickness tungsten and covered the parallel
hole collimator of the gamma camera completely. The available tungsten samples ranged
in thickness from 170 pm to 530 pm and were combined to produce materials of
thickness up to 2 mm in between the source and the pinhole collimator to cover the
pinhole collimator completely. The **™Tc-pertechnetate source, pinhole collimator and
the gamma camera were at fixed relative positions during this experiment. For each
thickness of the material, an image was acquired for a fixed amount of total counts in the

image and saved. The thicknesses of the material were 170, 330, 530, 780, 1000, 1310,
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1530 and 1860 um. For each acquired image, the sum of the counts in a fixed circular
ROI centered on the image of the acrylic lesion was measured and plotted against the
thickness of the tungsten.

The linear attenuation coefficient of the tungsten polymer was calculated to be
18.7 cm™ in this experiment. This value differs slightly from the expected value of 21.9
cm™ used in the original collimator design calculations. The reduced linear attenuation
coefficient negatively affects the septal penetration of the collimator which was targeted
to be less that 5 % for one collimator option as described in previous paragraphs. With
the manufactured dimensions of the collimator, the new theoretical septal penetration
becomes 7.6 % using the new measured linear attenuation coefficient. This measured
value of the linear attenuation coefficient of 18.7 cm™ will be used in further theoretical
calculations and discussion.

The overall system size and mass of the camera are about 40 mm thickness and
below 1.4 kg (Figure 18), which permits comfortable hand-held use by the surgeons in

the OR (Figure 14).

Figure 18: Physical characteristics of the assembled gamma camera
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CHAPTER 3: VISIBLE/NIRF MODALITY

The core of the visible/NIRF modality consists of a two charge coupled device
(CCD) camera and NIR light excitation subsystem that facilitate the excitation and
detection of NIR light being emitted by fluorescent tracers that are injected in the patient.
In this section, the principles of NIRF imaging, detection and interaction with matter will

be described, as well as the hardware used to construct the visible/NIRF subsystem.

3.1 Visible/NIRF imaging

Visible imaging in the form of macroscopic observation of patients by doctors or
surgeons is one of the oldest imaging methods used in clinical practice. With the
discovery of microscopes, visible imaging on a microscopic level has added a whole new
dimension to medicine, biology and life sciences. Ever since, the microscopy continues to
be the gold standard in visible imaging with many novel techniques developed over the
recent years. At the same time, macroscopic optical fluorescence imaging has re-emerged
as a valuable tool for research and clinical and surgical practice, most intriguingly in the
near infrared (NIR) part of the spectrum. It has been long known (50; 51) that the light in
the NIR part of the spectrum is prone to penetration in tissue to a higher degree compared
to visible light, which is crucial to the design and development of the visible/NIRF
system described in this dissertation. Furthermore, there has been a rapid development of

high quality and high detection sensitivity visible and NIR imaging components in recent
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years. Coupled with increasing availability of fluorescent targets and probes, this allows
for compact, portable and moderately expensive options for research and further
advancement and refinement of present imaging techniques. Main advantages of
fluorescence imaging are high sensitivity, long term tracer stability post labeling, low
hazard in terms of radiation dose and possibility for multi-fluorophore detection with the
appropriate tools. In a recent review of in-vivo near infrared fluorescence imaging,
Frangioni (52) outlined the most important parameters for successful in vivo NIR
fluorescence imaging overall. Furthermore, translation of NIRF imaging specifically to
imaging in clinical trials has been reviewed by Sevick-Muraca (53; 54), citing
increasingly positive clinical experience. Following Frangioni’s discussion on significant
imaging system specific parameters, the means of excitation light delivery and collection
of emitted fluorescence as well as the hardware relevant to these parameters will be

discussed in the following sections.

3.1.1 Principle of fluorescence

Fluorescence is a process of light emission by certain molecules (fluorophores)
after they have absorbed light or other form of energy. It is a form of luminescence and is
usually a result of a three-stage process illustrated by the electronic state diagram in
Figure 19 below. Initially, the fluorophore is in its ground state S,,, and is supplied energy
from an external source, usually in the form of light. With the energy being absorbed by
the fluorophore, the electrons from the ground state are excited into one of the vibrational

levels of an excited singlet state. This excited state exists for a short amount of time (on



37

the order of 10 ns), during which the electron is subject to losing some energy, due to
interactions with its environment among other processes that can depopulate S;. The
photon is then emitted spontaneously when the fluorophore returns from the lowest
vibrational level of the excited singlet state S, to the ground state S,. Due to the energy
losses mentioned above, the energy of the photon emitted is lower (and wavelength
longer) compared to the photon that was absorbed. The difference in these wavelengths
(maxima of the absorption and emission spectra of the same electronic transition) is
called the Stokes shift, and gives us information about the fluorophore environment and
its interactions. The Stokes shift is an essential parameter in designing the light excitation

and collection subsystem of an optical fluorescence system.
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Figure 19: Jablonski diagram showing the excitation of an electron after absorbing a high energy photon.

The electron fluoresces at a longer wavelength compared to the absorbed photon (55)
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Figure 20: Absorption (blue) and emission (purple) spectra of indocyanine green (ICG) in water (56)

Some of the important characteristics of fluorophores are the excitation
(absorption) and emission spectra, quantum yield and quenching properties and limits.
The spectrum of the excitation light should be close to the peak and shape of the
absorption spectrum of the fluorophore to allow for optimal excitation. The emission
spectrum is usually a mirror image of the longest wavelength part of the excitation
spectrum (example for indocyanine green (ICG) in Figure 20), shifted by the
fluorophore’s Stokes shift towards longer wavelengths. The quantum yield is an
important parameter in this process, being an efficiency measure to compare the amount
of the photons emitted to the number of photons absorbed. It is also worth mentioning
guenching here, which is a loss of fluorescence signal due to short-range interactions
between the fluorophore and the environment. Self-quenching occurs for example when
the concentration of the fluorophore in a solvent is too high. Other examples of
guenching can include chemical effects as well as illuminating the fluorophore with too

much light (photobleaching), which will be discussed in the following sections. The type
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of a solvent can also have a strong effect on the shape and position of the excitation and

emission spectra of a fluorophore (57).

3.1.2 Planar (epi-illumination) imaging

The most common, and one of the simplest methods of fluorescence imaging
consists of collecting the fluorescence emitted towards the camera by fluorescent objects
that were illuminated by a plane wave. This method is usually referred to as planar epi-
illumination imaging, which is of most relevance to this dissertation in which the
illumination source and the camera are located on the same side of the target object. In
this imaging method, the excitation light of appropriate wavelength reaches the surface of
the object being imaged and can propagate for several millimeters under the surface to
excite shallow and sub-surface fluorophores. The fluorescence light from the
fluorophores is emitted in an isotropic fashion and a part of it can be captured by an
appropriate detector.

Epi-illumination methods utilizing the NIR part of the spectrum have gained
popularity in recent years, with several research groups developing imaging systems with
good results in animals and bench-top imaging (58; 59; 60; 61). The advantages of this
imaging method are ease of development and possibility for high excitation light output
which is proportional (to a point) to the intensity of the emitted fluorescent light. This
method also has good intraoperative translation properties in terms of ease of operation
(it does not require limiting patient motion or positioning), and is in general more safe

than some other optical methods from the excitation light standpoint as it can use
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incoherent light sources for excitation instead of lasers. However, similar to all planar
imaging methods, epi-illumination cannot resolve depth nor account for nonlinear photon
diffusion due to propagation in human tissue, and it does not account for shielding of the
deeper fluorescent targets by the more superficial ones. Given the low penetration ability
of the NIR photons in human tissue, the shielding issue is not a significant problem

compared to imaging with a gamma probe.

3.1.3 Therapeutic window and NIR light penetration in tissue

Photon propagation in human tissue is characterized by the absorption and
scattering properties of the tissue, which determine the amount of photons transferred
between two points within the tissue. The absorption and scattering of light depend
strongly on the composition of tissue as well as the wavelength of light travelling through
it. The NIR therapeutic window defines a range of wavelengths where the penetration of
light is at maximum in tissue. This occurs in the near-infrared part of the spectrum, more
specifically between about 700 nm and 900 nm, and is caused by the lower absorption
and autofluorescence of tissue in this region. Autofluorescence of tissue is lower in this
NIR region (52) compared to visible and UV regions because of lack of endogenous
fluorophores which allows for low background during imaging and consequently higher
signal to background ratio when imaging desired fluorescent targets.

Absorption in tissue is a physical process in which the energy of the photon is
taken up by the atoms of the transporting medium; depending on the energy gap of

molecules in tissue, the energy of the photon can be absorbed or converted into
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vibrational energy of the electrons in the atoms. The absorption can be modeled by Beer-
Lambert’s law, which states that the measured intensity of the transmitted light through

tissue is governed via the inverse exponential power relation as follows:

I = lje equation 4

where a is the linear absorption coefficient. Major photon absorbers in living tissue are
hemoglobin, water and fat (lipids). From Figure 21 we can see that the absorption
coefficient reaches minimum for these absorbers within the therapeutic window, which is

also true for other endogenous chromophores in tissue like melanin or porphyrins.
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Figure 21: NIR therapeutic window is deemed ideal for optical fluorescence imaging due to the minimum

in the value of the absorption coefficient (62)
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Scattering is the second key factor that hinders photon propagation, and is a
physical process by which photons interact with matter, causing them to deflect their path
from their initial direction after an interaction event. The anisotropy factor g is important
in this concept, defined as the mean cosine angle of the scattering angle 6 between the
directions of the photon before and after the scattering event. Compared to absorption,
scattering is a much bigger contributor to photon attenuation in tissue and is dependent on
many variables, including the size of the scattering particles in tissue, wavelength of
incident light and the inhomogeneities in tissue. Both elastic and non-elastic scattering
events can cause photon attenuation, but in general, the major types of scatter (Mie,
Rayleigh) tend to be weaker in the NIR portion of the spectrum (62). Furthermore, for
most human tissue the anisotropy factor g is typically high (63), being in the range of
0.95 for most normal tissue, 0.77 for adipose tissue and about 0.63 for some tumors. The
scatter is thus highly forward-peaked which further aids propagation of photons deeper in
tissue. This suggests that there is a degree of blurriness that scattering introduces in the

imaged position of the photon for a number of scattering events.

3.1.4 Visible/NIRF photon detection and image formation

Given all the imaging related advantages of the NIR light in the NIR therapeutic
window discussed in the previous section, the reality is that the NIR light is invisible to
the human eye, and a way to collect and detect the emission from the fluorescent targets
needs to be available. Due to recent advances in semiconductor technology, charge

coupled devices (CCDs) are becoming the dominant detection method in medical
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imaging. The CCD was invented in 1969 by Boyle and Smith at the AT&T Bell
Laboratories (64) and marked a major revolution in imaging device development. The
CCDs are silicon-based circuits consisting of densely packed photodiodes that convert
the light energy into electronic charge. In theory, when a photon of sufficient energy
(higher than the band gap energy of silicon) strikes a silicon atom near a CCD
photodiode, it produces a free electron and a hole in the silicon lattice is left vacant. The
free electrons are then collected by potential wells deep inside the silicon. During a user-
specified integration time period, these potential wells fill up with charge proportional to
the intensity of the incident photons, acting as capacitors in a way. The measurement of
the stored charge (readout) is accomplished by series of parallel and then serial transfers
of accumulated charge to an output node at the edge of the chip, and is usually done
concurrently with the next integration cycle. Once the charge packet is shifted fully by
parallel shifts and reaches the end of the chip (serial shift register), it is shifted serially to
an output amplifier and the voltage is digitized and stored off the chip.

In order to focus the image properly onto the CCD and collect the fluorescent
light emitted from the imaging field efficiently, a lens is placed in front of the camera.
Given the dynamic nature of the surgery, the optical system needs to have the flexibility
to be operated at varying working distances. Therefore, a lens system needs to have the
auto-focusing capability implemented so that the images at different working distance

can be captured free of image blur.
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3.1.5 Light emitting diodes (LEDSs)

A success of an NIRF imaging setup depends a great deal on the intensity of its
illumination source which is proportional to the fluorescent output. In the early days of
fluorescence imaging, the investigators used filtered halogen lights to achieve adequate
levels of illumination of the field of interest. However, the efficiency of halogen lights is
rather low, with more than 90 % of the energy delivered by the lamp being converted to
heat rather than the luminous output. Development of light emitting diodes (LEDs) led to
replacement of halogen and incandescent lighting (broadband sources) as the LEDs use
much less power at a higher efficiency percentage, thus alleviating heat problems. LEDs
are in brief, semiconductor light sources consisting of a diode that is most commonly
potted in plastic shells. When the diode is forward-biased, the potential barrier of the p-n
junction becomes smaller and there is a charge flow between the two; the electrons
recombine with electron holes and in that process a photon is emitted. This light is
emitted isotropically, and light reflecting layers are usually placed below the p-n layer
and on the sides to point the light forward. The wavelength of the emitted photons
depends on the band gap of the materials that comprise the p-n junction and the dopant.
LEDs usually emit light over a wider range of wavelengths compared to lasers, but much
narrower than halogen and incandescent lights, whose large emission solid angle also
means that most of the light they emit falls outside of the desired field of view. Concept
of a figure of merit for judging efficient distribution of forward emitted light is the full
width at half maximum (FWHM) and is shown in Figure 22. It is worth noting that the

laser diodes are also an option for use in NIRF imaging as an illumination source, being
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most spectrally and spatially confined of the above mentioned options. However, the
downsides of high cost and complicated integration of laser diodes, especially concerning
safety issues in terms of high exposure to the patient effectively rules them out for the
imaging tasks concerned with in this dissertation. The high power delivered by the laser
diodes is not necessarily a plus either, as fluorophores can undergo irreversible damage
when illuminated with light of high intensity, a process called photobleaching (65; 66).

For indocyanine green for example, this threshold is found to be around 50 mW/cm2.
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Figure 22: Full width at half maximum (FWHM) concept

3.1.6 Optical filters

Optical filters selectively transmit light of specific wavelengths and are usually
positioned in the optical path of the light beam that needs to be filtered. They can be of

absorptive (made with addition of organic or inorganic compounds that absorb the
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unwanted light) or dichroic type (using sophisticated optical coatings to reflect the
unwanted light using the interference principle). Filters are further separated into three
major categories by filters that pass longer wavelengths only (longpass), shorter
wavelengths only (shortpass), or a band of wavelengths, blocking the shorter and longer
wavelengths with respect to the desired band (bandpass). Bandpass dichroic filters are of
most relevance to the system described here, as the bandpass range of these filters can be
finely controlled.

A successful NIRF imaging setup cannot be imagined without a proper filter set
combination for successful rejection of unwanted backscattered illumination and stray
light. The importance of filtering the collected light to visualize the true fluorescence
from the target has been explored in more detail recently (67; 68) and has been deemed a
crucial step in achieving acceptable signal-to-background ratio (SBR) of imaged targets.
These studies stressed the importance of using high optical density (OD) filters, with OD
values of over 5 in a NIRF imaging system setup, where OD is defined as a logarithm of
the transmittance of the light through the filter. The reason for this is that the fluorophore
emission signal can typically be five or more orders of magnitude less than that of the
excitation illumination light. Hence, improper rejection of reflected illumination light can
overwhelm the true emission signal if the OD of the filter is not high enough or if the
filter OD curves overlap (Figure 23). This would cause a false background or even
possibly a false focused signal in the final images, and therefore contribute to the poor
SBR values or false positives. The manufacturing process and design characteristics of
the filter play an important role in choosing the proper filter, as this determines the OD

and the fall-off slope of the cut-ons and cut-offs of the bandpass filters.
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Figure 23: Appropriate (left) and inappropriate (right) blocking/attenuation characteristics of the excitation

and emission filter pairs (69)

3.2 Visible/NIRF system setup

In the following sections, the setup and hardware of the visible/NIRF system will

be described, following the design considerations discussed in the previous sections.

3.2.1 CCD camera

The heart of the visible/NIRF setup is a unique prism based multi-spectral AD-
080CL CCD camera which can be seen in Figure 24 (JAI Inc., San Jose, CA). This
camera uses two CCDs to image the visible and NIR portions of the spectra by using a
shared optical path and a 1/3” dichroic prism that allows for precise separation of the
visible (400-700 nm) and near infrared (700-1000 nm) spectra, seen in Figure 25 below.
The camera has a small form housing of 55 x 55 x 80 mm, and also features a thread for
standard C-mount lenses to allow for high lens flexibility. The camera uses standard

Camera Link interface (70) for each CCD for serial communication with the computer
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vision applications. The camera has a resolution of 800k pixels in a 1024 (h) x 768 (V)
setup with a pixel size of 4.65 um. The temporal resolution of the camera is up to 30
frames per second (fps), with several options for a shortened exposure time or faster
frame rate up to 60 fps in partial scans. The camera is generally operated in a continuous

(free-run) mode.

Figure 24: JAI AD-080CL multi-spectral 2-CCD camera (JAI Inc., San Jose, CA)

The CCDs that are used for color and monochrome imaging are respectively
Sony ICX204AK and Sony ICX204AL chips. The ICX204AK chip is a 6 mm diagonal
(type 1/3”) progressive scan image sensor. It allows for RGB 24-bit or raw Bayer 10 or 8-
bit output for visible light. The Bayer mask on the color CCD is an array of filters over
the imager set in a characteristic Bayer mosaic pattern, where for each square of four
pixels, one is filtered blue, one red and two green, as the human eye is most sensitive to
green light. This allows each pixel to record information about only one of three colors.

Demosaicing algorithms are then used to interpolate values for red, green and blue values
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across the imager. The ICX204AK chip is similarly a 6 mm diagonal (type 1/3”)
progressive scan image sensor and it allows for 10 or 8-bit output for NIR channel. Note
that both of these chips are high-precision bonded directly onto the prism assembly,
which allows for crucial precise alignment between the visible and NIR images within
one fourth of a pixel. This level of precision is hard to achieve with two separate cameras,

and makes it very suitable for the imaging purpose of the system described here.
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Figure 25: The dichroic coatings on the prism separate the color and NIR light information (left). The

spectral curves show the transmitted light’s spectral behavior (right) (JAI Inc., San Jose, CA)

The frame grabber board for transferring the data from the camera to the
computer is a NI PCle-1430 dual channel Camera Link image acquisition board from
National Instruments, Austin, TX. The RGB CCD is connected to the Camera link
channel 1 (port 0 in NI MAX) and has a 24 bit depth. The NIR CCD is connected to the
Camera link channel 2 (port 1 in NI MAX) and has 8 bit depth. Reading, processing and
display of acquired data is handled via custom developed NI LabVIEW software, which

will be discussed in more detail in chapter 4.
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3.2.2 Optical lens

Due to the optical prism design described in the previous section, the optical path
to the two CCDs is not precisely equal, so the focus points for the visible and NIR area
are slightly different from each other (Figure 26). Therefore, the camera manufacturer
recommends using lenses designed for three CCD cameras which are characterized by
minimal chromatic aberrations and large enough depth of field to allow for both visible
and NIR images to be in focus at the same time. Furthermore, a requirement posed by the
surgeons during the design stages of this system was that the working distance (WD) for
the visible/NIRF system should be about 30 cm; this would allow them to have enough
space below the camera to perform the surgery, while still having the camera image a
large field of view within the surgical field. Additionally, it is important for the lens to
have good transmission properties in the infrared portion of the spectrum to minimize the

losses of the weak fluorescence signal.
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Figure 26: Visible and NIR focal points (JAI Inc., San Jose, CA)



51

To satisfy all these requirements, a Xenoplan 1.4/17 mm Compact C-Mount Lens
from Schneider-Kreuznach (Bad Kreuznach, Germany) is used, with an 11 mm diameter
image circle. The lens is broadband coated and corrected for uninterrupted imaging from
400-1000 nm (visible through NIR spectrum), making it ideal for the purpose of the
system described in this dissertation. The spectral transmittance property of this lens is
shown in Figure 27. The lens has a focal length of 17.6 mm and a f-number (ratio of the
diameter of the lens aperture to the length of the lens) of 1.4, meaning that the aperture
size is large and the light gathering properties of the lens are excellent; this was one of
the key requirements in the design process due to the expected faint fluorescent signal

that will be imaged with this system.
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Figure 27: Spectral transmittance properties of the Xenoplan 1.4/17 lens (71)
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3.2.2.1 Auto-focus subsystem

The nature of imaging in surgical procedures like the SLNB or tumor surgery is
very dynamic in sense that the surgeon moves the imaging system in and out of the
working area frequently. In the case of the gamma camera described in this dissertation,
the sensitivity does not depend on the working distance; however, the resolution does
degrade with working distance (which usually does not exceed several centimeters). In
case of the optical imaging system, the surgeon can position the optical camera anywhere
from 20 cm to 45 cm working distance, depending on the field of view they want to
image. The Xenoplan optical lens described in the previous section does not have a depth
of field that could cover this entire range without changing its focus, which means that
the image of the object would not be acceptably focused on the CCDs in the entire range
of these working distances. Hence, there needs to be a way for the surgeons to quickly
and seamlessly re-focus the lens when they move the camera to a different location.

In terms of hardware and considerations in modifying the system to address this
need, the lens needs to be focused remotely due to the sterility issues in the OR. For this
reason, a computer controlled stepping motor from Velmex, Bloomfield, NY is used with
a set of modified steel finished gears from McMaster Carr, Robbinsville, NJ that are
connecting the motor and the lens (Figure 28). The gears (catalog numbers 6867K25 and
6867K19 respectively) were modified in such a way so the inside bore of the larger gear
matched the diameter of the lens, while an additional cylindrical piece was added inside
the smaller gear so it can fit and be driven by the stepping motor. In this fashion, the

stepping motor and its controller (parts number PK245M-01AA and VXM-1
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respectively) can be controlled by a custom written LabVIEW code to turn the gears in a

desired direction and hence focus the lens as required by the surgeon.

Figure 28: The auto-focusing system connected to the lens and the camera (middle). Stepping motor (top) is

connected to the lens via custom set of gears and is controlled by a Velmex controller (bottom)

There are two types of auto-focusing algorithms: the active approach, where the
distance between the lens and the object is consistently monitored and the lens is focused
to the necessary position accordingly, and the passive approach, where the distance to the
object is unknown and the measure of focus is determined by analyzing the acquired
image. To preserve the simplicity of the setup, a passive method is used in the system
described here, utilizing the information from the Fourier transforms of the acquired
images. When the image is in focus, the edges in the image are sharp, and this

corresponds to image containing more of the higher frequencies in the Fourier space and
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vice versa. Hence, a ratio of high versus low frequencies in the Fourier transform of the
image is used as a merit value for determining when the image is in focus.

Using the principle described above, the lens is first focused to a starting (home)
point that corresponds to the camera being at a WD of about 20 cm. The stepping motor
and the gears are then driven through a series of pre-determined positions, 200 motor
steps apart between each other. At the end of this path, the lens is focused to a point that
corresponds to the camera being at a WD of about 40 cm. At each of the intermediate
positions, a ratio of high and low frequencies in the Fourier transform is recorded in a
temporary array. The lens is finally focused to a position which corresponds to the
highest ratio in this array, and this whole process takes less than 20 seconds to complete.
The auto-focusing routine is written in LabVIEW and the surgeon only needs to click the
“auto-focus” button in the GUI every time they want to re-focus the image after moving

the camera.

3.2.3 lllumination system

Two types of LEDs are utilized in the IMIS. Red, green and blue LEDs (RGB) are
combined to produce white, NIR-free light for illuminating the surgical FOV, and high
power near infrared LEDs are used specifically for excitation of fluorescent targets. In

following sections, their utility and setup is described in more detail.
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3.2.3.1 NIR LEDs and illumination uniformity optimization

The decision on LED illumination setup was arguably one of the most important
parts of designing the IMIS. In consultations with surgeons and experience from previous
surgical studies, it was determined that for the SLNB procedure, a FOV of approximately
10 cm x 10 cm at a working distance of 30 cm needs to be illuminated. Furthermore, it
was crucial that the LED spectrum matches the absorption spectrum of the fluorophore
(ICG) that will be used in clinical studies, being at the moment the only NIR fluorophore
approved by the U.S. Food and Drug Administration (FDA) for use in human clinical
studies. Therefore, four high power NIR LED modules L760-66-60 (Marubeni America
Corporation, Santa Clara, CA) were selected. The L760 LED module is an epoxy lens
type illuminator with an extremely high output made up of sixty high efficiency
Aluminum Gallium Arsenide (AlGaAs) diode chips. These chips are packed tightly in a
square fashion, mounted on a piece of ceramics on a metal stem and covered with clear
silicone and epoxy resin. The whole package is very small in size (Figure 29) measuring
less than 32 x 18 mm across. In terms of the electro-optical characteristics, each LED
module has a maximum rated value of 750 mA of forward current for continuous
operation at a typical forward voltage of 9 V, with total radiated power of 1000 mW at
600 mA test forward current. To operate the LED within the safe temperature range
required by the manufacturer (30 °C to 80 °C), a heat sink is utilized to dissipate the heat
away from the LEDs during continuous operation (Figure 30). The peak wavelength of
the emission spectrum is at 760 nm with the FWHM of 30 nm and a large viewing angle

of + 60°. Note that this large emission angle at a WD of 30 cm would cover much more
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than the necessary FOV, which would result in unnecessary spread of the LED light
beyond the desired FOV. To focus the light from the L-760 LEDs into a narrower
emission angle, a 25° FWHM lens (72) is placed in front of each LED. To optimize the
illumination uniformity provided by the NIR LED and focusing lens setup over the
surgical FOV, an optical engineering and design software package called LightTools

from Synopsis, Pasadena, CA is used.
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Figure 29: Mechanical drawing of the L760-66-60
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3.2.3.2 RGB LEDs

The rejection of unwanted light is crucial for proper visualization of true
fluorescent targets. However, initial experiments showed that the room and overhead
lights in the operating room have a strong NIR component that saturate the NIR CCD
(Figure 31), making it necessary to turn them off during the NIRF acquisition as it would
not be practical to filter them at the source. This situation posed a need for white, NIR-

free light to be provided to the surgical FOV during procedures in which IMIS is used.

Figure 31: NIR channel image of a hand illuminated with the OR overhead lights

Most of the ‘white’ LEDs available commercially are similar in operation
principle to the fluorescent light — they use a phosphor material to convert the
monochromatic light from a blue or an UV LED to a broad spectrum white light. This
method is much simpler and cheaper than the alternative which uses a combination of

red, green and blue LEDs to spectrally mix into white light. However, the phosphor-
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based LEDs have a characteristic long tail-off in the IR region, so they are inadequate for
the use in the OR as they would contribute unnecessary NIR background in the acquired
images. Hence, three RGB Titan light modules (NT-53F0-0428, Lamina Lighting Inc.,
Westampton, NJ) are used in the IMIS, with each LED providing 418, 599 and 169
lumens respectively of red, green and blue light at 1 m WD and 1400 mA operating
current. Similarly to the NIR LEDs, the RGB LED modules also have focusing lenses to
confine the illumination light within the + 30° region (part number OP-5LM3-0455) and
large heat sinks (5.9 diameter by 1.2” thick) to guide the heat away from the LEDs (part
number HS-5410-0537). The RGB LEDs are operated by three LED60W-043-C1400-D
drivers from Thomas Research Products, Huntley, IL that help control the individual
LED power output. The power and dimming circuit for three red LEDSs in series is shown
in Figure 32; the blue and green LED circuits are identical to the red LED circuit. One of
the inputs of the power supplies for the LEDs (purple and gray wire in figure below)
serves as a control for the 1400 mA current driver. A voltage divider with a 200 kQ
resistor and a variable resistor (user controlled potentiometer) is used with each color
channel to control its individual output. The dimming option is available to offer an
ability to modulate the relative intensity of the red, green and blue channels. This
modulation effectively allows the appropriate change in the resulting color of the white
light to comply with the International Electrotechnical Commission (IEC) requirements

for white light illumination in the OR that will be discussed in more detail in chapter 6.
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Figure 32: RGB LED dimming circuit for red LEDs (74)

3.2.4 Optical filters

As described in previous sections, the IMIS requires use of optical filters to
provide surgeons with useful and meaningful data about the exact location and extent of
the fluorescent targets they are looking to remove from the patient. The excitation filters
are used in front of the illumination NIR and RGB LEDs and the emission filter is used in
front of the optical lens. The reason the excitation filters are needed is to prevent the light
from the LED that is in the range of the emission wavelength of the fluorophore being
imaged from reflecting from the patient and passing through the optical lens and to the
NIR CCD. The NIR LEDs have a FWHM of only 30 nm spectrally; however the tail-off
of the emitted light does not fall sharply enough and has a significant component in the
region above 800 nm. Thus, the IMIS uses a bandpass HQ760/20x excitation filter for the
NIR LEDs from Chroma Technology Corporation in Bellows Falls, VT to ensure the

unwanted reflected LED light is not collected by the NIR CCD. The peak of the
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transmission band of this filter is at 760 nm with a FWHM of 20 nm and this particular
filter reaches OD of 5 at 744 nm and 777 nm respectively (Figure 33 on the left).
Regarding the emission optical filter, an important consideration to take into account is
that some visible light needs to be passed through the same optical path as the NIR light
to the visible CCD so the functional data from the NIR CCD can be overlaid on top of the
structural map from the visible channel. The appropriate filter for this purpose is a
HQ845/55m bandpass emission filter, with a peak of the transmission band centered at
845 nm and a FWHM of 55 nm. This filter reaches OD of 5 at 801 nm, and has a
transmission band in the visible range; the OD falls below 5 at 601 nm and reaches 5 at
374 nm again (Figure 33 on the right), allowing adequate visible light to pass to the

visible CCD for an appropriate structural map to be produced from the visible channel.
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Figure 33: Optical density versus wavelength data for the excitation (left) and emission filter (right)

The excitation and the emission filters should reach the merit value of 5 close to
each other like shown in Figure 23 if the filters’ performance was ideal; however the
optical density of an interference filter depends on the angle of the incident light. The

performance of the filter can deteriorate drastically with the increasing incident angle of
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the incoming light. At a specific wavelength, the OD of 5 can degrade to 2 or even lower
even for the light incident at an angle of 10° (67; 75). The theoretical performance
degradation with respect to the angle of incidence is shown in Figure 34. Due to this fact,
the emission and excitation filters were chosen with the adequate gap between the points
at which their optical density curves reach a value of 5 to account for any stray light that
could geometrically be reflected from the NIR LEDs to the camera from the proposed
surgical FOV of 10 x 10 cm?.

Initial experiments with the RGB LEDs showed that these LEDs have a weak
NIR component that can add a low level of unwanted NIR background to the NIR CCD
during the NIRF acquisition. Similarly to the NIR LEDs, bandpass filters E650sp-2p
from Chroma Technology Corporation were positioned in front of each of the RGB LEDs

to reject any NIR light from contaminating the surgical FOV.

OD performance degradation with angle of incidence
10 \\
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Optical density
n

Figure 34: Optical density variation with changing angle of incidence (76)
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CHAPTER 4: VISIBLE/NIRF AND GAMMA

HARDWARE AND SOFTWARE INTEGRATION

The components of the visible/NIRF modality and gamma modality were
described in detail in the previous two chapters. In the following sections, the task of
integrating both modalities in a single mobile cart for logistics and operation convenience
inside the OR will be discussed. Software integration between the modalities and the
acquisition, processing and display of the acquired data as well as other control of the
modalities will be described. Finally, hardware and software used to co-register the
gamma and visible/NIRF images will be described to show how the information about
the location and extent of the fluorescent and radioactive targets is presented

intraoperatively to the surgeons in real-time.

4.1 Hardware integration of the optical and gamma modality

4.1.1 Mobile cart description

The IMIS is housed in a mobile cart previously used for a Captus 2000 thyroid
uptake system (Capintec, Inc., Ramsey, NJ). The thyroid uptake system has been stripped

down of its detectors, electronics, and calibration modules and the cart has been modified
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to suit the needs of the IMIS with several shelves added inside the cart to house the IMIS

hardware components (Figure 35).

Figure 35: IMIS components housed inside and on top of the mobile cart

In the figure above, the CPU that operates the IMIS subsystems is inside the cart
on the left. The CPU is a Dell Precision T3400 Core 2 Duo machine with 32 bit Windows
XP operating system installed, 3.25 Gb of RAM and a 300 Gb hard drive. The AiT 64
and 16 channel DAQ units described in chapter 2 are on the top right shelf, and the power
supplies for the gamma camera subsystem are located inside the cart on the bottom right.
The Velmex power controller and the RGB and NIR LED control boxes are located on
top of the cart cabinet. The cart can be moved easily by the surgeons or medical staff in
and out of the OR and has a suitably small enough form factor not to interfere with the
standard OR logistics. The entire IMIS setup including both imaging modalities is shown

in Figure 36 below.
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Figure 36: IMIS setup with the NIRF/visible system (left), gamma camera (bottom) and the mobile cart

carrying the CPU and IMIS hardware (right)

4.1.2 Camera head adapter description

The adapter and the extension arm for the visible/NIRF camera were designed by
the Jefferson Lab and are shown on the left of the Figure 37 below. The adapter between
the arm and the camera head allows surgeons to rotate the camera head and the existing
extension arm mechanism allows for the camera head to be moved up and down to image

the target at various working distances as desired by the surgeons.
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Figure 37: Adapter/extension arm for the visible/NIRF camera

The camera head with the auto-focus system and the optical lens is connected to
the extension arm by a custom adapter that also holds the illumination LEDs (Figure 38)
and allows for camera head rotation. The NIR LEDs are mounted to the radiating delrin
bars on the camera head by a custom adapter and a handlebar mount (GRH30,
GoPro/Woodman Labs Inc., Half Moon Bay, CA). The radiating bar setup and the
handlebar mount allow sufficient degrees of freedom for positioning the LEDs in any
desired fashion to satisfy the present procedure requirements and accommodate future
applications. The handle for the surgeon is designed following the design of the standard
handles for the overhead lights and similar intraoperative equipment in the OR, which

allows the standard plastic sleeves to be fit over it for sterile intraoperative use.
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Figure 38: Adapter between the camera arm and the camera, the auto-focus system and the delrin radiating

bar setup with the NIRF and RGB excitation lights

4.2 Software integration of the optical and gamma modality

In this section the GUIs used to acquire and display images for both the gamma
and the visible/NIRF modalities will be described. The co-registration concept and the

implementation of this feature in the GUI will be discussed in more detail.

4.2.1 GUI and software development for the IMIS modalities

The acquisition and the display of acquired data and control of all subsystems for
the visible/NIRF modality is carried out through LabVIEW (Figure 39). This GUI was
fully developed at University of Virginia. LabVIEW is an object based language, and the

operation of the program is broken down into sections in the figure below.
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Figure 39: LabVIEW based GUI for the acquisition and display of the data from the visible/NIRF modality

The top left window in this figure shows a visible only image (grayscale), and the
top right window shows the NIRF only image. The combined gamma, visible and NIRF
image can be shown in the bottom left window, with fluorescence signal colored green
and gamma outline (not enabled by the user in this example) colored red. The controls in
the bottom right area allow the user to perform a range of visual adjustments to the

combined visible/NIRF image, including changing the transparency of the NIRF image
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and adjusting the window level of the NIRF image that is shown in the fused image. User
can also choose to record the video from separate or combined channels, display the
gamma image ROI if desired and save a snapshot of the active image for reference.

The gamma modality is controlled by the data acquisition programming
environment Kmax (Sparrow Corporation, Daytona Beach, FL). Figure 40 shows the
gamma camera GUI while imaging a patient during a clinical SLNB study described in
more detail in chapter 5. The two imaging windows in the top row show a persistence
mode image in the 10x binning mode (left) and a normal acquisition mode image in the
5x binning mode (middle). The buttons on the right in Figure 40 allow user to (from top
to bottom) start and stop the acquisition, scale the display if the “automatic scaling” box
is unchecked and clear the imaging windows. In the bottom row, the energy histograms
for both images are shown and the limits on the energies of the accepted events can be
adjusted to reject scattered events. The raw image is shown in the “Control Panel” tab,
but this feature was deemed less desirable compared to the binned images by the
surgeons during the clinical study due to the lack of clarity of the raw images caused by
the low acquisitions statistics in a typical acquisition time of one minute. The sliders at
the bottom of the energy histograms below the images are used for adjusting the
persistence factor and timing threshold parameters for the persistence mode, which are

active only if the persistence mode box is checked for each image respectively.
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Figure 40: KMax GUI for the gamma camera showing an image of four SLNs inside a patient

The binning and persistence modes were introduced to the gamma GUI early in
the clinical SLNB study described in more detail in chapter 5. As mentioned above, the
visual display of the raw images was not satisfactory due to sparseness of the data, and a
5x binning mode was used to improve the perceived concentration of the radioactive
tracer as demonstrated in Figure 41. Binning is essentially a process of clubbing sparse
data together to form denser images. At each pixel location in the binned image, the
intensity of a given pixel is replaced by a sum of the intensities in the N x N
neighborhood centered on that pixel in the original image. The matrix size of the raw
images is 270 x 270 pixels for the FOV of 60 mm, resulting in an effective pixel size of

0.24 mm. With the addition of the binning modes, the images can be displayed and saved
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in 5x and 10x modes with image matrix sizes of 54 x 54 and 27 x 27 pixels, and pixel
sizes of 1.2 and 24 mm respectively. Furthermore, the surgeons requested
implementation of a persistence mode in the GUI to give them an option to perform
imaging of the patient in more or less a “real-time” mode. The operation in this mode is
shown in top left window in Figure 40, and presents to the surgeon only the regions of
highest instantaneous concentration of the radiotracer in the patient, with the image
refreshing itself depending on the user set parameters in the sliders below the energy
histograms. This mode helped improve the usability of the camera tremendously and the
logistic and the ease of use of the GUI were scored much more favorably after the

implementation of these features (discussed further in chapter 5).

Figure 41: Examples of binning raw acquired images (from left to right 1x, 2x, 3x and 4x) to improve

perceived regions of higher uptake of the radioactive tracer

4.2.2 Co-registration concept in IMIS

Co-registration of visible/NIRF and gamma images is a challenging step in the

image display process as the cameras are not mechanically connected. The goal of co-
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registration is to enable the information from the most recently acquired gamma image to
be available during the visible/NIRF imaging to provide guidance to surgeons until the
surgical targets are near the surface. The idea is to show the boundary outlines from
radioactive targets in the gamma image on top of the visible/NIRF video, giving the
surgeon an idea about the location and extent of targets prior to the incision. However, a
minor misalignment of the gamma camera can cause large errors in the co-registration;
this is due to the fact that the gamma camera can and does image targets at considerable
depths in the patient, while the visible/NIRF camera only looks at most at subcutaneous
information. This is illustrated in Figure 42, with the gamma camera being directly below
the visible/NIRF camera but slightly misaligned in the z direction compared to it; due to
this misalignment, the two cameras are not looking at the same FOV and the co-

registration errors can occur.
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Figure 42: Illustration of the misalignment effect on the co-registration error



72

There are two major steps in the co-registration process described above. First the
alignment of both cameras needs to be appropriate to help minimize the error described
above. Then the offsets in resolution, rotation and center of FOV between the images
acquired by two modalities have to be corrected. Alignment is achieved by using a set of
attitude and heading reference system (AHRS) units positioned on each camera that
provide their relative orientation information. In step two, a custom Matlab (Matrix
laboratory, Mathworks, Natick, MA) routine is used to segment a boundary of the
relevant target location from the gamma image, perform the offset corrections between
the images from two modalities and overlay the boundary of the imaged gamma targets

appropriately on the visible/NIRF video in real-time.

4.2.3 AHRS unit setup, alignment and co-registration

The AHRS units consist of set of sensors that provide the attitude, heading and
yaw information (Euler angles). They have traditionally been used in aircrafts, most
importantly replacing older and less reliable gyroscopic equipment. The accelerated
development of the AHRS units in recent years makes them readily available for
commercial use and they have been increasingly used in robotics and medicine.

Two AHRS VN-100 Rugged units from VectorNav Technologies LLC,
Richardson, TX are used for co-registration purposes in IMIS. They employ a quaternion
based and drift compensated Kalman filter with high update rates. In bench-top testing,
good stability of the AHRS output in extended time studies in a surgery-like situation

with presence of magnetic materials and tools was observed. The units are mounted with
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custom adapters on the back of the gamma camera and on top of the visible/NIRF camera

head (Figure 43 and Figure 44).

Figure 44: AHRS unit mounted on the visible/NIRF camera head, also showing the delrin radiating bar

adapter for the RGB and NIR LEDs
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The GUI for the AHRS units is a software package provided by VectorNav called
Sensor Explorer. Figure 45 shows program’s ability to show the coordinate systems of
both AHRS units on the screen at the same time and notify the user when their Euler
angles are aligned to within a user defined tolerance value (located above the red “Out of
Tolerance” display in the figure below). When the cameras are aligned rotationally, the
red display changes to a green “In Tolerance” display and the surgeon can acquire the
image with the gamma camera. The gamma camera can then be removed from the
surgical FOV after the acquisition. The information from the acquired visible image of
the back of the gamma camera (described below) is used to overlay of the gamma image

onto the visible/NIRF image until the visible/NIRF camera or the patient are moved.

Figure 45: GUI for the Sensor Explorer software, showing the orientation vectors of the AHRS units
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The remaining part of the co-registration process is to account for the differences
between the centers of the images from two modalities and account for varying working
distance of the visible/NIRF modality that changes the magnification of the images in the
gamma modality relative to the visible/NIRF modality. Accounting for the WD and
magnification is done with the help of the AHRS. The change in the stepping motor
position for the lens changes the field of view seen by the visible/NIRF camera, and thus
the area imaged by each camera pixel. The magnification factor is directly related to the
WD, which in turn can be determined by the area of fine features of the VectorNav logo
on the back of the AHRS unit when the image is in focus. While the gamma camera is
acquiring the data, the back of the camera and the AHRS unit mounted on it are imaged
with the visible camera. The logo on the AHRS unit (Figure 43) is segmented and its area
in the image is calculated in pixels. The area in square millimeters is a known value, and
this relation is used to calculate the area imaged in each pixel of the visible image. The
area imaged by each pixel in the gamma image is a known value and we can compare the
areas from gamma camera and the VectorNav logo as imaged by the visible camera to
determine the relative magnification factor between the two images. This segmentation
algorithm as well as the co-registration GUI and program in Matlab were developed with
help of the fellow graduate student Anoosha Papireddy.

The next step in the co-registration process is to align the centers of the images
acquired by each modality. The center of the gamma image is always the center of the
gamma camera. On the other hand, the position of the center of the gamma image with
respect to the visible/NIRF image can be acquired by using a segmentation algorithm to

find the center of the gamma camera with respect to the position and orientation of the
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AHRS unit logo in the visible image of the back of the gamma camera. The algorithm
segmenting the logo feature from the back of the AHRS unit can reproducibly and
singularly determine the center of the gamma camera in the visible image. With this
information, centering and scaling the image from the gamma camera that can be overlaid

appropriately on the visible/NIRF image is performed.

4.2.4 Segmentation of the targets of interest from the gamma image

The final step in co-registration of the images is to segment the target of interest
from the gamma image and overlay the resulting outline on the visible/NIRF video in
real-time during the surgery. The gamma images are loaded and displayed on the screen
post acquisition in Matlab so the surgeon can either choose one or more of the specific
high concentration spots in the image that they are interested in, or allow the automatic
detection of the radioactive nodes. In this process, the gamma images are acquired and
saved in Kmax as a text file which is imported in Matlab and converted to a grayscale
image. Then a standard Gaussian filter is used to reduce the noise in the image and the
image is binned in preparation for the segmentation step. Various edge detection
algorithms exist, which work best on binary images, so the gamma image is converted to
binary format. From the existing clinical study data, a 30 % threshold of the maximum
intensity in the clinical images overall was found to be the optimal value in this step of
the process. All pixels in the original image with intensities above this threshold are
converted to a binary 1 (white) and those below are converted to a binary 0 (black) in a

new image. Any remaining small holes are filled and small regions of isolated white
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pixels are removed to get a clean binary image. Several different types of edge detection
algorithms were tested and the Canny method (77) performed best for our task. However,
the resulting edges can still be ragged, broken and may have unnecessary spikes from
noise caused by low statistics clinical images.

To obtain smooth, closed edges and also to give the surgeon a flexibility of
choosing multiple ROIs, active contours (78) are used. An active contour/snake is an
energy-minimizing spline guided by external constraint forces and influenced by image
forces that pull it toward features such as lines and edges. The active contour needs a
point of initialization from where it deforms to encompass the nearby objects of interest.
If the surgeon decides to select particular ROIs, he/she can click in the center of each
target and a snake is initialized at each of those points. If the surgeon wants to select all
the hot nodes without interaction with the GUI, the centroids of the nodes from the
original Canny edge image are calculated and used as the initialization points for the
active contours. Finally, an image containing the boundaries of the nodes is saved, and
these contours can then be superimposed over the visible/NIRF image after all
corrections are made.

For review of the co-registration process described in this section, a detailed
walk-through summarizing the steps of the co-registration process is shown below; a

flowchart summarizing the whole process is also shown in Figure 46.
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A gelatin phantom was constructed to
mimic the optical properties of human
tissue in the NIR region. Two acrylic
lesions filled with ®™Tc-pertechnetate
and ICG were placed in the phantom.
In step one of this walk-through, the
gamma camera is positioned above the
phantom and the gamma image is

acquired (right).

During the acquisition of the gamma image, rotational
alignment of both modalities is achieved. The visible NIRF
system is positioned over the gamma camera (left) until the

AHRS systems are aligned in VectorNav software (bottom).




The back of the gamma camera and the
AHRS unit is then imaged by the

visible/NIRF system (right).
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This image is segmented in Matlab and
the parameters are acquired to
determine the scaling factor and the
translational shift between the gamma

and the visible/NIRF images.

The gamma camera image is
segmented and the scaling factor,
rotation and translational shift
corrections are applied to the gamma
image. The final outline from the
gamma image is saved. The gamma
camera is removed from the imaging
position and the phantom is imaged

with the visible/NIRF modality.




80

The final outline from the gamma
image is overlaid on top of the
visible/NIRF image. In this setup, the
lesions are located deep inside the
phantom, and the NIRF signal from the
lesions cannot penetrate through the
tissue; the surgeon uses the gamma
outline to determine where the lesions

are to guide the initial incision.

The surgeon pursues the incision of the
phantom until the lesions are closer to
the surface and the NIR fluorescence

can be used to precisely locate the
lesions in high resolution and real-time
and remove them from the
phantom/patient. The surgeon can use
the visible/NIRF modality to assess
positive margins and make sure that the
lesions are fully removed to minimize

the possibility of cancer reoccurrence.
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v

Display gamma image; surgeons can click on
the centers of targets of interest if desired

During gamma imaging align Euler angle
orientation of the Vis/NIRf camera with
gamma camera using the AHRS units
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from gamma and optical cameras
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Figure 46: Co-registration process flowchart
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CHAPTER 5: GAMMA SYSTEM

CHARACTERIZATION AND RESULTS

A fundamental part of developing an imaging system involves characterizing its
performance, especially in the task for which the system was developed for, as well as
comparing those results with the theoretical predictions. In this section, the design and
results of bench-top experiments with the gamma modality will be discussed, including

the completed clinical SLNB study setup and results.

5.1 Gamma system characterization in bench-top testing

In this section the results of characterization tests of the gamma system are
described, both in basic bench-top setups, as well as in more task specific situations that

would mimic the intraoperative surgery setup.

5.1.1 Spatial resolution

Spatial resolution refers to the level of detail that can be resolved by the imaging
system, and is usually simply envisioned by how closely two lines can be resolved in the
acquired image (the shorter this distance, the higher the resolution). As this can be

viewed as an arbitrary measurement visually, and can be manipulated by window
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leveling of the image, the most common way to calculate the spatial resolution is by
measuring the full width at half maximum (FWHM) of a sufficiently thin line source
(79). Two different spatial resolution measurements are important and have become a
standard practice in similar setups (80). They include measuring the intrinsic resolution
of the camera (without the collimators attached to the detector), and measuring the
extrinsic resolution (with one or two collimators attached to the detector) with increasing
distance from collimator.

The intrinsic spatial resolution of the gamma camera was measured using a **™Tc-
pertechnetate point-like source positioned greater than five times the useful field of view
(UFOV) from the detector with the collimator removed and with a 0.3 mm wide tungsten
slit placed 3 mm from the scintillator. The UFOV here is defined as a circular area with a
diameter that is the largest inscribed circle within the collimated field of view (79). A
program in Interactive Data Language (IDL, Exelis Visual Information Solutions, Inc,
Boulder, CO) is used to manipulate the image in such a way to extract the perpendicular
profiles from across the length of the slit and add them together while aligning their peak
positions to form a line spread function (LSF) of the original image. A Gaussian is then

fit to the LSF and has the following form:

—(x—0)?

f(x) = a+ be 2d2 equation 5

with b =ﬁ, ¢ = u (expected value), d= o (variance) and a to account for a possible

zero offset. The FWHM can then be found to be 2+/2In2 d. The intrinsic resolution of the

system is measured to be 4.2 mm by this method. This is a combination of the achievable
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limits of the detector and the electronics. The resolution might be in theory improved
with either a finer sampling of the SiPMs or a thinner crystal that could lower the amount
of scattered light within the crystal before it reaches the SiPMs (41).

The second experiment characterizes the resolution degradation of the gamma
camera with the increasing distance from the collimator. One of the reasons that this
experiment is necessary is due to the fact that the camera will be used in clinical studies
where the radioactive targets will be inside the patient, at some depth away from the
camera. The extrinsic resolution of the camera was characterized by translating a small
capillary (Kimble 71900-50 pL, 1 mm inner diameter) filled with the *™Tc-pertechnetate
solution away from the collimator and obtaining images at discrete distances from the
collimator. Two separate experiments are performed in succession, with one and two
collimator options on the camera. The resulting data is compared to the theoretical
curves, with the theoretical extrinsic resolution being a quadrature sum of the collimator
resolution and the measured intrinsic resolution of the detector. The spatial resolution

results for the one and two collimator option can be seen in Table 2 and Figure 47 below.

Measured Theoretical Measured
Distance from Theoretical
resolution resolution resolution
the collimator resolution [mm]
[mm] [mm] [mm]
[mm]
1 collimator option 2 collimator option
0 4.2 4.8 4.2 4.3
10.1 4.6 5.4 4.4 45
20.3 5.2 6.4 45 49
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30.5 6.1 7.5 4.8 5.4
40.6 7.1 8.9 5.1 5.9
50.8 8.2 10.4 5.5 6.5
60.9 9.3 11.6 5.9 7.1
711 10.5 13.0 6.3 7.7
81.3 11.7 14.2 6.7 8.4
914 12.9 155 7.2 8.9
101.2 141 16.6 7.7 9.6

Table 2: Theoretical and measured gamma camera spatial resolution for varying source-to-collimator
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Figure 47: Gamma camera spatial resolution theory and experimentally measured values
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5.1.2 Energy resolution

The energy resolution is a measure of how well the detector can resolve signals
coming from two sources that have different energies. There are intrinsic hardware
reasons that a signal coming from a radioactive **™Tc-pertechnetate source is not always
resolved as being exactly at 140 keV. These include, but are not limited to, statistical
fluctuations in the amount of scintillation light per keV of energy deposited in the crystal,
statistical variations in light detection of the SiPMs and the noise sources near the SiPMs
(optical coupling variations, possible temperature gradients). The most common figure
used to express the energy resolution of a detector is the FWHM of the energy spectrum
acquired when the detector is irradiated by a source of mono-energetic gammas. The
resolution figure is usually calculated in relative terms with reference to the peak energy
of the spectra and reported in percents (%). The smaller this number is, the better the
detector is at resolving different energies that are hitting the crystal. The camera energy
resolution was characterized using a solution of *™Tc-pertechnetate (activity of 3.7
MBQ) in a petri dish placed on top of the collimator to produce a uniform low-scatter
flood source. The petri dish had a diameter of 75 mm and extended across the entire face
of the gamma camera, making it about 15 mm larger in diameter than the collimated part
of the detector. A high statistics flood image was acquired with user defined regions of
interest (ROIs) in different parts of the image, for purposes of examining the energy

resolution over different parts of the FOV of the detector (Figure 48).
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Figure 48: Flood image with several user defined ROIs (left) and their respective energy spectra (right).
The full FOV energy spectra is shown in the “Raw Energy Sum” histogram and Region 0 to 4 histograms

correspond to the bottom, left, middle, right and top ROI energy spectra respectively

The locations of the energy peaks of the different ROIs in figure above are not
lined up at the same channel number in present setup. This is due to the hardware setup
discussed in chapter 2 with eighty different MPPC units being powered in groups of 16
by 5 power supplies. The different gain properties of each MPPC result in different
energy peak channel positions for each MPPC and therefore, for each summed group of
16 units. To account for the varying gain properties of the SiPMs in different regions,
energy normalization is performed to the energy spectra. In this process, the energy
spectrum for each pixel in the 5x binned image is recorded from the high statistics flood
image. A look up table is then formed with energy spectrum peak position for each pixel
in the 5x binned image. The normalization of the energy spectrum is performed by

scaling the positions of all energy spectra to a fixed value, which minimizes the spread in
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the final energy spectrum. The FWHM energy resolution for the entire FOV prior to
energy normalization was found to be 24.3 %, with the measured FWHM of the energy
spectra in the custom defined ROIs calculated at 28.8 % (bottom ROI), 22 % (left ROI),
19.1 % (middle ROI), 21.3 % (top ROI) and 23.5 % (right ROI). Energy normalization
improved the energy FWHM resolution for the entire FOV to 21.1 %. The improved
value shows that the energy resolution improvements could be made if each MPPC unit
could be finely tuned to adjust the gains accordingly; however this would be unrealistic to
translate in practice due to high cost. In conclusion, we see that the energy resolution
across the ROIs is consistent with the overall detector energy resolution, and these values
can be compared to the similar size single crystal detectors being developed (81; 82).

One of the practical reasons that the energy resolution is important is because of
the gamma camera’s use in clinical studies described later in this chapter. When imaging
human patients that have a considerable amount of tissue between the surgical target and
the camera, we have to consider the effects that the scattered gamma rays have on the
energy spectrum. If a patient is injected with a **™Tc based tracer and a gamma is emitted
from a source deep within the patient’s body, the gammas can interact with the tissue
between the camera and the source multiple times before being recorded by the camera.
Even after one or two scattering events, a gamma can change its direction only slightly
and hit the detector with a lower energy than 140 keV, contributing false information to
the lower end of the energy spectrum. These scattering events can also have large
scattering angles, and a scattered gamma that does not correspond to the true location of
the radioactive target could be potentially recorded by the detector in a wrong location.

The result of the two scenarios combined would be a blurred image with higher random
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detected events and even possibly false hot spots, which further illustrates the need for a
good energy resolution by the detector. Use of a tight energy window around the true
photopeak would minimize the amount of scattered events accepted, albeit not

necessarily fully eliminating them.

5.1.3 Spatial linearity, uniformity and sensitivity

One of the most common and basic problems that arises in detectors is the image
nonlinearity, where distortions in the image can cause a straight line to appear curved in
the image. These distortions happen when the x and y position signals do not change
linearly with the changing position of the radiation source across the detector. A clear
outward bowing of the line sources in the raw image is observable in the images acquired
with the gamma camera described in this dissertation, which is also called a barrel
distortion. A custom made aluminum phantom was constructed to hold two perpendicular
layers of parallel and regularly spaced capillaries (Kimble 71900-50 pL) with inner
diameter 1 mm, filled with a *™Tc-pertechnetate solution (Figure 49). In both layers, the
capillary pitch was 10 mm. This setup was used to characterize the geometric

nonlinearities within the image.
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Figure 49: Custom phantom holding two layers of capillaries filled with **™Tc-pertechnetate

The acquired image is shown on the left of the Figure 50. The observed
nonlinearities can be corrected in the software using a higher order polynomial fit
correction. The nonlinearities are important to track over time as they can indicate issues
with the optical grease coupling or other problems with the system electronics. To
improve the image geometric linearity, the acquired raw capillary phantom image was
loaded in Matlab and all grid intersections were selected. These intersections were
compared to target grid intersection points for an ideal grid model using the cp2tform

image processing toolbox. Two third degree 2D polynomial equations of the form:

New_X_position = ag + ary + axX +agy’ +asx* + asxy + agx’y + arxy’ + agx’ + agy’

and

new_y_position = by + byy + byx +bay? +bax? + bsxy + bgx?y + byxy? + bgx® + bgy?
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were used to fit the original data to the ideal grid with the least-square fitting. To improve
the linearity counts, each pixel in every original uncorrected image is transformed
according to the above equations to shift their positions accordingly. The de-warping
equations were implemented in the Kmax GUI for image correction during gamma

camera image acquisition in real-time. As an example, a raw and a corrected image of the

2-layer capillary phantom are shown in Figure 50.

Figure 50: Barrel distortion example in the raw gamma camera image of a grid pattern (left) and a corrected

grid pattern image (right) showing the improved linearity across the field of view

At the moment, this option is available to the surgeons to take advantage of in the
upcoming clinical trials, but the real value of the linearity corrections will become

obvious in a future project where the acquired gamma images are planned to be used as a
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basis for reconstructing a real-time 3D model for image-guidance to radioactive targets in
patient’s body intraoperatively.

Furthermore, the spatial nonuniformities are also noticeable in the raw image in
Figure 48 and can be a result of non-ideal components and design of the detector. The
term uniformity here is being used to refer to the intensity variations within the image
that is acquired using a uniform and low scatter radioactive source. The most important
of the causes of nonuniformities in the system described in this dissertation are the non-
uniform detection efficiencies of the separate SiPMs (a characteristic pincushion
distortion in front of the individual SiPMs) as well as the effects causing a very
prominent higher intensity ring shaped intensity profile in the raw image (see the raw
image on the left of Figure 51). The latter effect is caused partially by the barrel effect
nonlinearity and partially by the internal reflections of scintillation light from the sides of
the detector crystal and housing back towards the SiPMs in the edge region. Furthermore,
if an event occurs in the center of the crystal, there are SiPMs on either side of the event
location, allowing the COG algorithm to recognize the true location easily. However, for
the events that occur at the edge of the crystal, there are physically SiPMs on only one
side of the event location, so the distribution of events is not uniform and the COG
algorithm “pulls” those events towards the center of the crystal, further adding to the ring
artifact. The non-uniformities described above can be partially corrected by applying
standard high statistics flood normalization to the raw images. A *™Tc-pertechnetate
solution in a petri dish (activity of 3.7 MBq) was placed on top of the collimator to
produce a uniform low-scatter source first. A high statistics flood image (Floodys) was

acquired in this fashion and used as a flat-field correction map to correct the subsequent
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images on a pixel to pixel basis according to the formula: Corrected Image =
(Uncorrected Image * Average (Floodys)) / Floodns. An example of a successful flood
correction is shown in Figure 51. The validity of use of this method is discussed in more

detail elsewhere (41).

Figure 51: Image of a low statistics raw flood image (left) the high statistics raw flood image that was used

for the correction (middle), and the resulting flood corrected low statistics image (right)

The uniformity of the corrected image on the right of this figure was judged by
measuring and calculating the integral uniformity in the useful and central fields of view
(UFOV and CFOV). The central field of view is defined as a circular area with a
diameter that is 75 percent of the diameter of the UFOV. To measure the uniformity of
the corrected image, integral uniformity is measured in the useful and central field of
views (UFOV and CFOV) that contain respectively 95% and 75% of the image FOV.

The integral uniformity is defined as:

Pixelyax-Pixelyi .
— TR *100 equation 6

Integral uniformity = — ,
Pixelyax+Pixelnin
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The symmetry of the entire FOV is compromised by a dead SiPM in the top right
corner, which would affect the integral uniformity for the UFOV if the full camera FOV
was used as reference in equation 6. Consequently, the UFOV was adjusted to be a
circular area in the center of the image with a diameter that is the largest inscribed circle
within the collimated field of view not containing the missing SiPM. The CFOV was
adjusted accordingly relative to the UFOV. After adjusting the FOV, the integral
uniformity was measured to be 15 % and 26 % for the CFOV and UFOV respectively.

The sensitivity of the gamma camera is a measure of the efficiency with which the
camera detects the incoming gamma radiation. Besides the design and build of the
camera, it is also dependent on which collimator is used with the gamma camera. The
system sensitivity, defined as the number of detected counts per second per kBq of source
activity, was experimentally measured and also calculated for a °’Co point source in air
(activity of 0.17 MBq) placed above the collimator at the center of the FOV of the
gamma camera. This measurement was performed for both one and two collimator
options. The total number of counts in the image of the point source was measured in
ImageJ and used to calculate the sensitivity in counts/min/uCi. The final results for the
one collimator versus two collimators option are respectively 324 and 65.7 cps/MBq,
which show efficiency ratio of 4.9 between the one and two collimator options and agree
well with ratio of 5.0 expected by collimator theory.

The gamma camera sensitivity was also experimentally measured and calculated
following the NEMA standard (83). A flat-bottom plastic dish with 26 mm ID was placed
above the collimator at a distance of 100 mm from the gamma camera and with the dish

positioned at the center of the FOV of the gamma camera. An image was acquired with
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half million counts. This measurement was performed for both one and two collimator
options. The sensitivity at the WD of 100 mm was then calculated as ratio of the total
number of counts in the image as measured in ImageJ and the total activity in the plastic
dish. The measured sensitivities using the one- and two-layer collimators are 481 and 73
cps/MBQq, respectively. This efficiency ratio of 6.6 between one and two layer options

compares well with the theoretical ratio of collimator geometric efficiencies of 5.0.

5.1.4 Photopeak channel position versus temperature dependence

One of the downsides of the SiPM technology is the variation of the MPPC gain
with changing temperature and its negative effects on the photopeak channel number
position and the count rate (21). The temperature effects on the photopeak position for
the camera described here were first noticed during the MEL54 clinical SLNB study,
which indicated a need for addition of power supplies for the camera with integrated
temperature gain compensation. A sample of the data illustrating this behavior that was
acquired during the clinical study is shown in Figure 52 below, with a clear decreasing
trend of the photopeak position as the camera heats up from use over time. The change in
temperature inside the camera during the SLNB study can be caused by various external
sources, from heating from the overhead lighting and the fact the camera is prone to
being heated in a plastic sterile sleeve, to leaving the camera near the patient’s body and
the heating pads used to promote the circulation in patient’s extremities. This type of
behavior was also observed during the regular gamma camera use in bench-top

experiments (Figure 53). This drift of the energy spectra could be tolerated in qualitative
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studies, but not in future quantitative and human clinical trials. This issue resulted in

addition of the temperature compensating circuit and two Hamamatsu power supplies to

the system.
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Figure 52: Photopeak channel position versus time (data from the clinical study)
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5.1.5 Count rate performance

The effects of the spatial and temporal pile-up of counts in any imaging system
degrade the total number of counts detected by the camera. These effects get worse as the
count rate increases, and the observed count rate can be compared with respect to the
expected count rate to assure that the camera is not operated with significant count losses.

Count rates were observed under intrinsic flood-field conditions with a °’Co point
source (activity of 0.17 MBq) that was initially placed one meter away from the camera
without the collimators on and slowly brought closer to the camera. The expected count
rate was calculated using the solid angle subtended by the gamma camera at the point
source with respect to the position of the point source. Plot of the observed count rate
against the expected count rate is shown in Figure 54. The dashed line indicates the ideal
response (no count loss). Characteristic peak and drop-off in the observed count rate was
not reached with this source, showing that the maximum count rate lies above 30 kcps. A
20 % loss count rate occurs at the input count rate of 2.7 kcps (observed count rate 2.15
kcps), indicating that any characterization measurements should be performed well below

this count rate threshold.
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5.1.6 Initial characterization of the profile response function

This gamma camera is slated to be used in a hand-held SPECT project in

collaboration with Dilon Diagnostics (Newport News, VA) and SurgicEye (Munich,

Germany). The freehandSPECT concept from SurgicEye provides a surgeon with

intraoperative 3-D reconstructed data of radioactivity distribution based on hand-held

gamma probe detectors. The acquisition and reconstruction of this data takes several

minutes but it provides surgeon with important localization and guidance information in

the OR with respect to patients’ simulated anatomical information. Using a gamma

camera instead of the non-imaging gamma probe is a second generation concept of the

freehandSPECT product, and would radically improve on resolution of the reconstructed
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volume as well as lower the time needed for acquisition of the data, thus improving the
logistics and the chances that the product will be used extensively in the OR.

To help address the transfer of data from the gamma camera to the proprietary
SurgicEye reconstruction algorithm and gauge the accepted linearity and sensitivity
uniformity of the acquired images, a response function of the gamma camera was
produced for a point source moving in a straight horizontal line across the FOV in
discrete steps. A °’Co point-like source (3.5 mm diameter, activity of 7.4 GBq) was
collimated with a ~ 1 mm hole lead mask and moved across the FOV of the gamma
camera in discrete steps of 2.5 mm. Thirty one images were acquired, one for every step
with a twenty minutes acquisition time for each image. Each of the 5x binned images was
inverted to produce a set of virtual images of the source as seen by each of the pixels
along the scan dimension. For each pixel, these virtual images were summed and the peak
location, FWHM and total counts in the distribution for each of the pixels were measured.
The response function pixel peak position and the total number of counts for each pixel
are plotted in Figure 55. Note that there is about a 40 mm region in the middle of the
gamma camera FOV that demonstrates a very linear response in the pixel peak location
change. This region also shows a uniform total number of counts per pixel for each pixel
location, or good detection sensitivity uniformity. This initial characterization shows that
a single response function could be used to describe the behavior of the pixels in this

central region.
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Figure 55: Characterization of the horizontal profile response function of the gamma camera (84)

5.2 Human studies at UVa using mobile gamma cameras

Mobile gamma devices have been studied in various settings, such as in the
localization of parathyroid adenomas, lymph nodes in urologic malignancies, and other
cutaneous malignancies (85; 86). There have been a number of investigations of small
size gamma imagers in surgical procedures with small FOV imagers being increasingly
utilized in SLNB (87; 88; 89; 90; 91; 42; 92; 93; 94) and recently in radio-guided occult
lesion localization (ROLL) (95). A ‘freehand SPECT’ system that generated 3-
dimensional maps of radiotracer distribution using a hand-rastered non-imaging probe
has recently become commercially available as described in the previous section (96).

The image information can be anticipated to be useful in more complex situations such as
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multiple closely spaced SLNs (e.g. head and neck surgery) or combined SLNB and
ROLL. Although the results of these studies suggest that intraoperative MGC imaging is
feasible and decreases the length of the surgical procedure, MGCs have not yet been
incorporated into the routine clinical care in the US. There is increasing evidence (89)
that the MGCs can not only provide complementary information to that of the non-
imaging gamma probe but could possibly become a substitute for it. With this in mind, a
clinical study was proposed in collaboration with melanoma surgeons at University of
Virginia with a goal of testing the gamma camera performance in task specific imaging
cases as well as helping pioneer the use of hand-held devices for intraoperative surgical

guidance as part of standard clinical care.

5.2.1 MEL54 setup

As described in chapter 1, the SLNB is the standard method for staging cutaneous
melanoma and involves identifying the first node(s) draining a tumor by detecting an
intradermally injected radioactive colloid tracer. Preoperative lymphoscintigraphy is
usually obtained to identify the draining lymph node basins but requires coordinating
schedules between the nuclear medicine department and the operating room. A pilot
study at the University of Virginia utilized a MGC in conjunction with the conventional
lymphoscintigraphy for intraoperative sentinel node localization and provided clinical
benefit in 25 % of patients (42). In that study, the sentinel node(s) were identified
intraoperatively with a hand-held non-imaging gamma probe and a 13 x 13 cm? FOV

mobile gamma camera.
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Following this experience and in collaboration with surgeons at the University of
Virginia, the MGC described in this dissertation was used in a SLNB clinical study for
melanoma patients to evaluate its performance compared to the non-imaging gamma
probe. The main objectives in this study relevant to the mobile gamma camera imaging
were to estimate the benefits of the increased mobility and positioning capabilities of the
mobile gamma camera compared to conventional, large FOV gamma cameras. The added
value of the hand-held gamma camera was also evaluated compared to the non-imaging
gamma probe and to the SLNB procedure in general.

In terms of logistics, the patients in this study received standard
lymphoscintigraphy in the nuclear medicine suite. The hand-held gamma probe and the
mobile gamma camera were used to evaluate the patient immediately before the surgery
at the outpatient center, to complement the information from the lymphoscintigraphy and
the preoperative MGC imaging and help the final determination of true “hot” spots prior
to the surgery. During the surgery, the participants were re-evaluated intraoperatively
with the gamma camera (Figure 56 and Figure 57) and the hand-held probe after removal
of each sentinel node and after completion of the sentinel node biopsy procedure. The
individual sentinel nodes were imaged ex-vivo with the mobile gamma camera (Figure
58) and counted with the hand-held probe. In each of these assessments, the number, size
and location of sentinel nodes were recorded and the correspondence with preoperative
hot spots was determined by the conventional clinical gamma detection devices
(lymphoscintigraphy and hand-held probe). The time required for imaging was recorded,
as well as any notes on the use, advantages, and limitations of the MGC imaging system.

During the course of the study, improvements to the gamma camera system were made
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incrementally with the goal to have a more optimized system in all possible technical and

logistical aspects during the MEL54 study and for the next clinical trial.
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Figure 56: Photo of a patient being evaluated intraoperatively with a hand-held gamma camera



104

Figure 57: Close-up of a patient being imaged with the gamma camera

Figure 58: Photo of a node imaged ex-vivo with the gamma camera
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5.2.2 MEL54 results

From April 2011 to February 2012, 20 patients underwent *™Tc sulfur-colloid
lymphoscintigraphy in this study. Sixty-three total lymph nodes were excised in 24
identified lymph node basins. Of these 63 nodes, 60 nodes were found to be sentinel by
the criteria of being the hottest node or within 10 % of the hottest node in that basin. In
total, 6 sentinel nodes in 5 patients were found to be positive for metastasis, all of which
were identified by the intraoperative imaging.

In 5 cases (25 %), additional information from the MGC images aided surgical
decision-making. In one of the cases for example, the gamma probe missed a group of 3
nodes on the initial survey, which were in a group found to be harboring metastasis.
These nodes were identified by the gamma probe after this cluster of nodes was
visualized on intraoperative images using the MGC. In another two cases, the bed count
continued to be higher than 10 % of the hottest node. The inspection of the energy
histogram window demonstrated a lack of a well defined peak in the expected energy for
%mTc. This pointed to the signal likely being scattered by the tissue and coming from the
deeper iliac region, which is usually not explored given the local practice guidelines. In
both of these cases, the gamma camera helped avoid unnecessary surgery and decreased
morbidity to the patient.

Gamma camera logistic scores were poorer for speed of node detection and for
identifying the residual nodes in the first three patients (average 8 and 7.3 respectively)
prior to the introduction of binning algorithms and persistence mode described previously

in chapter 4, compared to the remaining cohort (average 1.8 and 2.3 respectively)
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following the introduction of these features (p less than 0.01 in both cases). The scale for

the scores goes from 1 to 10 with 1 being the best possible score.

5.2.3 Segmenting counts in images of ex-vivo SLNs versus gamma probe

A segmentation algorithm was described in chapter 4 for purposes of helping co-
registration of gamma and visible/NIRF images in real-time. Another use for this
segmentation algorithm is discussed here, with the goal of improving the accuracy of
assessment of node activity during SLNB. As discussed in chapter 1, the standard
guideline for lymph node mapping dictates that the surgeon removes all lymph nodes
from the patient whose gamma probe count rate in-vivo exceeds one tenth of the count
rate of the hottest lymph node ex-vivo. These count rate measurements are done with a
non-imaging surgical probe that generally has a wide viewing angle. The combination of
the large size of excised lymph nodes compared to the size of the pinhole aperture in non-
imaging probe collimators and the strong dependence of non-imaging probe sensitivity
with changing probe-to-source separation means that the excised node activity measured
using the probe can be inaccurate. Furthermore, operator dependence was observed
during the MEL54 study when comparing surgeon’s and resident’s gamma measured
probe count rates of the same nodes. This problem could be readily resolved by using the
gamma camera and the segmentation algorithm to have reliable and consistent real-time
count rate information in the OR. Table 3 shows the count data for the ex-vivo nodes
from the MEL54 study acquired by using the gamma probe compared to the

segmentation algorithm and the gamma camera (second and third columns respectively).
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Patient Gamma probe count Gamma camera Gamma probe | Gamma camera
number (10 seconds) count (60 seconds) activity [kBq] activity [kBq]
4 21315 4869 92.7 184.3
4 3292 495 14.3 18.7
6 23965 4545 104.2 172.0
7 1459 297 6.3 11.2
7 2768 405 12.0 15.3
8 5255 1008 22.8 38.2
8 3911 909 17.0 34.4
8 2131 270 9.3 10.2
8 1402 144 6.1 55
8 1359 216 5.9 8.2
8 1721 180 7.5 6.8
9 19573 4518 85.1 171.0
9 2872 1350 12.5 51.1
9 3919 2061 17.0 78.0
9 3646 1890 15.9 71.5
10 8152 3627 35.4 137.3
11 15133 2358 65.8 89.3
11 17794 2835 77.4 107.3
11 2583 162 11.2 6.1
11 8283 783 36.0 29.6
12 2496 297 10.9 11.2
12 6416 1242 27.9 47.0
12 1922 171 8.4 6.5
13 7702 1251 33.5 47.4
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Patient Gamma probe count Gamma camera Gamma probe | Gamma camera
number (10 seconds) count (60 seconds) activity [kBq] activity [kBq]

14 4387 3168 19.1 119.9
14 29269 3960 127.3 149.9
15 3734 450 16.2 17.0
15 19978 4410 86.9 166.9
15 10756 1620 46.8 61.3
17 5146 1431 22.4 54.2
17 5443 1323 23.7 50.1
17 2422 216 10.5 8.2

17 1209 63 53 2.4

18 11474 6516 49.9 246.7
18 2526 414 11.0 15.7
18 2689 360 11.7 13.6
18 4695 495 20.4 18.7
19 1217 36 5.3 1.4

19 4806 783 20.9 29.6
19 19049 2889 82.8 109.4
19 5319 1017 23.1 38.5
21 54170 9315 235.5 352.6
21 32093 5013 139.5 189.8
21 17063 765 74.2 29.0
22 52727 7749 229.2 293.3
22 43902 5490 190.9 207.8

Table 3: Comparison of the MEL54 data from ex-vivo SLN counts from gamma camera and gamma probe
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The fourth and fifth columns in Table 3 show calculated activities of the LNs
from the clinical count data from gamma probe and gamma camera respectively. The
gamma probe measured activity was calculated from the second column data. First, the
gamma probe number of counts data was divided by 10 to get the count per second value.
Then, it was divided by a value of 23 cps/kBq, that corresponds to maximum sensitivity
of a point source as measured with the C-Trak Omni probe equipped with a standard
collimator that was used in the MEL54 clinical study (97). The gamma camera measured
activity was calculated from the third column data. The gamma camera number of counts
data was first divided by 0.85, to account for the absorption efficiency of the LaBr;
scintillator material at the energy of 140 keV (35). This number was then divided by the
geometric efficiency of the parallel hole collimator, which is 5.2 - 10™ to acquire the
activity of the source as measured by the gamma camera.

The average and median percent differences between the measured activities by
the gamma probe and the gamma camera from this data are 52 % and 35 % respectively.
This large percent difference supports the prior discussion regarding the likely inherent
errors in acquiring the accurate number of counts and hence measured activity using the
gamma probe. This comparison was not one of the endpoints of the surgical study, but
the implications of this data can be used to potentially improve future procedures.

Segmentation algorithm used with the mobile gamma camera has been tested in
bench-top experiments with lesions of differing activities of “°™Tc-pertechnetate,
showing a linear relation between the measured activity acquired from the number of
counts measured by the algorithm and the true activity of the lesions. The accuracy of the

measured activity as well as the variability of the measured activity versus actual activity
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across the range of lesions of different sizes and activities was tested. The results of these
tests further support the notion that the gamma camera segmentation algorithm can be
used during SLNB as an improved method to accurately and more consistently measure
the number of counts in LNs ex-vivo and in-vivo. The improvements in accuracy of the
available information about the LN activity would arguably help surgeons’ improved

intraoperative decision-making.
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CHAPTER 6: VISIBLE/NIRF SYSTEM

CHARACTERIZATION AND RESULTS

One of the crucial steps in development of an imaging system is characterizing its
performance, especially in tasks for which the system was developed for. In this section,
the bench-top characterization and animal studies using the visible/NIRF subsystem of

IMIS will be discussed in more detail.

6.1 Visible/NIRF system characterization in bench-top testing

The results of characterization tests of the visible/NIRF system in basic bench-top

setups and in more task-specific imaging situations will be presented in this section.

6.1.1 Resolution tests

One of the fundamental characterizing parameters of an imaging system is its
spatial resolution. A method that is widely accepted for optical resolution measurements
utilizing the contrast transfer function (CTF) is used to evaluate spatial resolution of the
optical part of IMIS (98; 99). The U.S. Air Force (USAF) 1951 resolution test chart
(Figure 59) was used to determine the spatial resolution of the optical subsystem. This

chart consists of groups of horizontal and vertical bars, each consisting of three sets of
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black and white bars, called line pairs (Ip). The spatial resolution of the bar sets as

determined by width of the bars is given by the expression:

Resolution(lp/mm)= 26roup+(element-1)/6 equation 7

where the elements range from 1 to 6 and groups range from -4 to 7.
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Figure 59: Image of the USAF 1951 standard resolution target
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Figure 60: Imaging setup for measuring CTF

The USAF resolution test chart was placed at the optimal working distance of 30
cm below the camera, and an image was acquired in a typical imaging mode with a 1/30 s
exposure (Figure 60). After imaging, the cross-sectional intensity profiles from each
horizontal and vertical bar element were extracted, and the CTF for each group of bars

was obtained following the equation:

— Imax(f)_lmin(f) -
T = s min) quation 8
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where I,,,, and I,,;;, are the average maximum and minimum intensity values in the
cross-sectional profile of a bar pattern, and f is the number of line pairs per millimeter
(Ip/mm) which corresponds to the respective bar pattern. The graph of the CTF versus f
is then produced by repeating this process over a range of f values. Figure 61 shows two
CTF graphs for the horizontal and vertical directions of the bars. To determine the
horizontal and vertical resolution of the system from this data, the Rayleigh Criterion is
used. This criterion defines the spatial resolution in terms of ability to resolve the dark
bar stripes, as the point at which the minimum of the Airy disk object of one dark bar
element coincides with the maximum of the Airy disk of the neighboring element. The
contrast between the two objects becomes about 26.4 % at this limit. The line pairs
corresponding to this contrast in were found to be respectively 1.71 and 1.75 Ip/mm. The

measured resolution values agree well with similar NIRF imaging systems (99; 52).
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Figure 61: Measured horizontal and vertical CTF graphs



115

6.1.2 Sensitivity tests

The next parameter for evaluating the visible/NIRF system is the detection
sensitivity. In this type of imaging, the true target image is formed by weak signals
emanating from very low concentrations of targeted fluorophores. It is crucial to
minimize the amount of background arising from leakage of light through the bandpass
filters from the excitation LEDs by employing the optical filters of sufficiently high OD.
In this section, the experiments undertaken to evaluate the detection sensitivity of the

visible/NIRF system are described and the results of these tests are presented.

6.1.2.1 ICG concentration test

A number of plates in a standard 96 well plate were filled with ICG solution that
was diluted in phosphate buffered saline (PBS). The ICG concentration in these well
plates was varied over a range of values from 0.54 to 277.5 pM. This range includes the
concentration shown by Ohnishi et al. (26) to provide the highest signal-to-noise (SNR)
ratio in similar tests (~ 10 uM). The well plate was positioned at the optimal WD of 30
cm and illuminated by the NIR LED with 2.3 mW/cm? of filtered NIR excitation light.
Care was taken to position each plate at same position for each of these measurements.
An image of a fused visible and NIRF image of a well plate is shown in Figure 62, with

high to low concentrations being arranged from top left to bottom right corner.
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Figure 62: Visible/NIRF fused image of well plates containing ICG solutions of varying concentrations

The NIRF-only image was evaluated in ImageJ by measuring the average
fluorescence intensity values for each well separately and calculating the respective SNR.
The concentration yielding the highest NIRF SNR in our study was found to be 17.3 uM
which can be seen in the graph in Figure 63, and agrees well with that reported by

Ohnishi et al. (26).
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Figure 63: Measured SNR with respect to the ICG concentration

6.1.2.2. Lesion depth tests

Prior to performing the animal and human studies, the system performance needs
to be evaluated in imaging tasks similar to the ones encountered in practice. More
specifically, phantoms with similar optical and gamma attenuation properties to human
tissue that also have embedded radioactive and fluorescent targets inside of them need to
be imaged. This is an intrinsic component of evaluating an imaging system. However,
considering that the field of NIR fluorescence has developed considerably over the last
two decades, a routine set of phantoms for evaluating the imaging systems has not been
developed. A number of different techniques for phantom fabrication have been proposed
(100; 101) for imaging system performance testing, calibration and optimization as well

as assessing intraoperative techniques (102) and training of surgeons in use of these
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imaging systems. The phantom models range from phantoms that are fat/lipid based and
polymer/quartz glass microspheres based to phantoms that attempt to mimic the human
tissue by using whole blood or hemoglobin as their base. These phantoms can be aqueous
for performance testing or can contain gelatin or agarose to solidify the phantoms for the
surgery simulation procedures. For simplicity of approach and ease of acquisition of the
necessary phantom constituents, a fat/lipid based phantom approach with gelatin (when

needed) was used in phantoms for characterizing IMIS.

Figure 64: Imaging setup for evaluating the NIRf penetration depth
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To evaluate the penetration depth of the NIR subsystem, a box phantom was filled
with liquid emulating optical properties of human tissue in the NIR region (103). This
phantom is shown in Figure 64 and consists of a mixture of water (475 mL), 10 %
Intralipid fat emulsion (25 mL) and black india ink (12.5 pL) that contribute to scattering
and absorption parts of the total attenuation coefficient respectively. A spherical acrylic
lesion (10 mm ID, 12 mm OD) was filled with a 17.3 uM ICG solution and gradually
submerged in the Intralipid mixture while the images at varying depths of the lesion were
acquired. The WD between the camera and the top of the imaging surface of the phantom
was kept constant during this experiment as the lesion was submerged deeper into the
mixture. The images were acquired with the room lights turned off, excitation NIR LED
intensity of 5.2 mW/cm? at phantom surface, and at the WD expected to be used
intraoperatively by surgeons (30 cm). These images were then evaluated in ImageJ and
the SNR was calculated and plotted versus the lesion depth on a graph in Figure 65. The
example images of the lesion visibility with increasing lesion depth in the Intralipid

phantom can be seen in Figure 66.
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Figure 65: SNR of a lesion filled with ICG while being submerged in a tissue-like optical phantom

Figure 66: Example of lesion visibility with increasing depth of 6 - 10 mm (from left to right, identical

window level)

6.1.3 LED characterization tests

The light sources are crucial components of an optical imaging system. For the
imaging tasks described in this dissertation, a NIR excitation source that can provide a

high fluence rate at long working distance and with precise wavelength spectrum is
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required. Additionally, a white light source to replace the OR lights due to their strong
NIR component is needed. Tests were performed to characterize the performance of the
light sources and computer modeling of the positions and tilt of the NIR LEDs was

performed to maximize the uniformity of the illumination light over the surgical FOV.

6.1.3.1 NIR LED modeling

The emission of light from a fluorophore molecule is directly proportional to the
amount of excitation light directed on it, up to the photobleaching limit where the
fluorophore molecules can undergo irreversible damage and lose their ability to fluoresce.
Therefore, it is important to provide the uniform illumination to all points in the surgical
FOV to ensure that the imaged emission light distribution provides a good estimate of the
actual tracer concentration distribution. Due to the nature of most surgical procedures, the
surgical FOV is not a uniform surface and often contains an incision that makes the depth
of field vary significantly. This effect is unfortunately hard to correct for fully, as it
would require mapping the surface topography of the surgical FOV and applying
calculated corrections to the local brightness of the NIRf image in real-time. For the
purpose of building the IMIS prototype, maximizing the uniformity of the excitation light
over a square flat FOV was pursued to minimize excitation non-uniformity under ideal
conditions. Keeping the system size as compact as possible was taken into account while
maximizing the absolute uniformity, in order to minimize the size of the camera head that

the surgeons will be handling.
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First, the radiation pattern from a single L760-66-60 LED from Marubeni
America Corporation, Santa Clara, CA (104) was measured. The NIR LEDs are housed
in customized delrin housing that helps minimize the excitation light leakage. This
radiation pattern with the LEDs setup was measured in bench-top experiments in order to
have the true radiation information that can be input in the model for the four LED light
distribution and uniformity. Single LED illumination measurements were taken at a WD
of 30 cm with a photometer (IF-PM, Industrial Fiber Optics, Tempe, AZ) translated
across the illuminated field on a translation stage. The measured data agreed fairly well
with the nominal radiation pattern provided by Marubeni, with noted differences in the
orientation of the LEDs due to the focusing lens asymmetry (104) and a faster tail drop-
off in the measured data due to the illuminated light being blocked by the LED delrin
housing. This data was used as a starting point for modeling the light distribution in a
four LED setup.

Modeling the light intensity distribution over the surgical FOV was performed
using the commercial optical design software package LightTools (Optical Research
Associates, CA). LightTools is a CAD-like, 3D optical engineering and design software
that supports virtual prototyping, simulation and optimization as well as photorealistic
renderings of illumination applications. The GUI for the LightTools four LED setup and
the resulting simulated illumination data from the final four concentric LED setup can be

seen in Figure 67.
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Figure 67: LightTools GUI showing the four LED illumination setup (top), user-defined LED position and

tilt parameters (top left) and the resulting simulated illumination pattern (bottom)
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On top screenshot of Figure 67, there are four dots (circled) located concentrically
around the coordinate system, representing the positions of the LEDs in space, as well as
the square planar receiver (right) that accepts the simulated light rays. The user can
define all relevant parameters of the setup, like the position of the LEDs in space, angular
tilt and illumination pattern of the LEDs, size of the receiver and the number of light rays
to use for the simulation. The resulting final four LED setup illumination pattern is
shown in the bottom screenshot of Figure 67 and shows the intensity across the FOV in
color scale. Profiles drawn through user-defined cross-sections through the receiver are
shown on the right and below the illumination pattern. Data on intensity and uniformity
parameters of the resulting illumination pattern are shown at the lower right of this figure.
The optimization tool called the parameter sensitivity utility (Figure 68) allows the user
to set the limits of the position and tilt of the LEDs as well as the step size in which the

software will perform the simulations to calculate the average deviation at each step.
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Figure 68: The LightTools Parameter Sensitivity Utility GUI
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LED radial distances (center of LED to center of camera lens) from 40 to 100 cm
and tilt angles from —40 to +40 degrees were considered for optimizing the IMIS LED
positions. The ratio of the average deviation in the FOV to the average illumination
power was chosen as the figure of merit, balancing the uniformity of the illumination in
the FOV and the average fluence rate. At the end of the optimization process, global
minima in the figure of merit were located in order to determine which LED position and
angle would be most appropriate. Figure 69 and Figure 70 show the simulation results,
plotting the average deviation value for a variety of LED radial position and tilt
combinations, using a WD of 30 cm. For this working distance, the global minima were
found along the light blue line in Figure 69. After thorough optimization post PSU
modeling, the minima at 75.4 mm radial distance and 0 degrees tilt and 57 mm distance
and 24.2 degree tilt were selected for further consideration.

Figure 71 shows the final optimized 4 NIR LED model for the 75.4 mm radial
distance and O degrees tilt case. The model was simulated with 1 billion rays to produce a
smooth profile across the receiver, which simulates the surgical field of view. The effects
of the individual LEDs are obvious in the resulting profile due to the strict window level
on the incident irradiance axis. One might argue that with presence of an incision in the
surgical FOV would require the peaks caused by the LEDs in the irradiance profile to be
in the center of the illuminated FOV to account for the greater depth of field at the
incision. However, the incision might not necessarily be positioned in the center of the
surgical FOV as viewed by the visible/NIRf system; in this case, it would be beneficial
for the illumination profile to contain multiple peaks, as is the case with the final

illumination profile presented here.
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Final 4 NIR LED Illumination profile over 10 cm x 10 ¢cm surgical FOV
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Figure 71: Final 4 NIR LED Illumination profile over the surgical field

Furthermore, it is important to consider how the average deviation value will
change as the WD changes, as it is unreasonable to assume that the surgeons will be able
to place the visible/NIRF camera at the same distance above the patient every time.

Figure 72 shows a graph of the average deviation versus the WD for the two
setups chosen above, showing that compared to using 24.2 degree tilt, using zero LED tilt
produces much less varying average deviation value over the whole range of WDs. The
figure shows that the uniformity merit function is much less affected when the WD is
increased beyond 30 cm with zero tilt. The divergence of the centers of the illumination
regions of the individual LEDs causes the higher non-uniformity of the 24.2 degree tilt

geometry as shown in Figure 73.
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Figure 73: Illustration of the divergence of the centers of illumination of four individual LEDs for an LED

tilt of 24.2 degrees as the WD is changed
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Future improvements of the NIR excitation LED hardware might include
motorizing the LED position depending on the WD. In this setup, the LEDs would be
moved to the appropriate position to optimize the uniformity over the surgical FOV every
time the back of the gamma camera was imaged for the co-registration purposes as
described in chapter 4. LightTools was utilized to minimize the average deviation over
the surgical FOV as the radial position of the excitation LEDs was changed, keeping the
LED tilt angle fixed at zero degrees. This was performed for a range of WDs. A graph of
the NIR LED radial position producing the minimum average deviation is plotted versus
WD is shown in Figure 74 and could be used as a starting point for future uniformity

optimization work.
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Figure 74: The ideal modeled NIR LED position for the zero degree LED tilt case versus WD
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Finally, a comparison of the actual measured illuminance of the four LED model
and the LightTools simulated data for the 75.4 cm radial LED distance and O degrees tilt

case can be seen in Figure 75 with observed good agreement between the two cases.

Measured illuminance vs LightTools model data
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Figure 75: Four LED measured illuminance versus the LightTools model for the LED radial position of

75.4 mm, tilt angle of 0 degrees and a WD of 30 cm

6.1.3.2 RGB LED tests

The main purpose of the RGB LEDs is to provide the NIR-free light to the
surgical FOV instead of the conventional OR lighting, which contains substantial NIR
radiation. However, certain performance requirements need to be satisfied by the LEDs if
they are to fully replace surgical lights. An international standard exists that defines the
particular requirements for safety and the required performance of surgical luminaries

and luminaries for diagnosis (IEC 60601-2-41). Two major requirements that this
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standard poses are that the RGB lights used in the OR need to be able to provide between
40 and 160 kilolux (klux) of central illuminance to the FOV and that the color rendering
index (CRI) and the correlated color temperature (CCT) of these lights have to be known
and fall within certain limits. A good quality luminary according to this standard will
have a CCT of 3000 K to 6700 K and CRI between 85 and 100 (105).

The RGB LED manufacturer’s data only provides illuminance data at 1 m WD or
above. Therefore, the illuminance at the WD of 30 cm for one RGB LED was
experimentally measured with a lux meter and found to be 23.1 klux. The illuminance at
a WD of 1 m was measured to be 2.4 klux, which agrees very well with the
manufacturer’s provided value of 2.34 kix. Hence, even two RGB LED units would in
theory provide enough illuminance to satisfy the CIE illuminance requirements.
However, due to non-zero visible light attenuation of the bandpass filters in front of the
RGB LEDs as discussed in chapter 3, there is a slight reduction in the total white light
illuminance of the RGB LEDs, and three RGB LEDs need to be used in this setup. The
illuminance was measured with the bandpass filters in front of the three RGB LEDs at a
WD of 30 cm. The central white light illuminance was found to be 46.2 klux after the
LEDs reached their steady state temperature.

The CCT of a light source is by definition a measure of the apparent color of the
light source and how closely the light spectrum of the illuminator resembles that of a
black body irradiator. The CRI of a light source is a measure of the color shift that objects
undergo when illuminated by the light source as compared with the color of those same
objects when illuminated by an ‘ideal” source (sunlight or a tungsten light source) at the

same color temperature. Both of these parameters are directly related to the spectral
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composition of the illumination light and require specialized equipment and methods to
be correctly measured. In order to gain an approximate value for these values, the RGB
LED light was projected on a white piece of paper, and the resulting apparent color of the
paper was matched visually to the chromaticity diagram (Figure 76). The subjective

assessment of the chromaticity coordinates averaged over three observers was calculated.
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Figure 76: The 1976 CIE chromaticity diagram and the white color region defined by IEC 60601-2-41(106)

The relative intensities of the red, green and blue channels were adjusted until the
averaged subjective CRI of the RGB LEDs fell within the CIE 1976 chromaticity
diagram white color region (the central region in the center of Figure 76) confirming that
the CRI value was in the satisfactory range. The CRI average value was recorded to be
located at chromaticity coordinates of u = 0.21 and v = 0.46. These coordinates can be

translated to the CIE 1931 chromaticity diagram chromaticity coordinates of x = 0.32 and
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y =0.31 (107). These x and y values on the chromaticity diagram were used to determine
(108; 109) the CCT of the RGB LEDs to be 6180 K, which satisfies the IEC 60601-2-41
requirements. Finally, the light distribution of the RGB LEDs satisfies the minimum
pattern requirements of the IEC standard (105), which requires that the pattern diameter
(34.6 cm measured) at 50 % of the peak intensity must be greater than or equal to half of

the pattern diameter (18.3 cm measured) at 10 % of the peak intensity (110).

6.1.4 Gelatin phantom tests

Simulated surgeries using tissue-simulating phantoms were performed to get an
idea of how useful the IMIS will be in the OR and what logistical or performance
parameters can be improved upon before the system is used in the OR. Multiple
phantoms were constructed following the Intralipid recipe described above, with the
addition of gelatin powder to solidify the phantom. A visible channel image of one of the
first phantoms constructed and can be seen in Figure 77. This phantom contains two
spherical acrylic lesions (10 mm ID, 12 mm OD) filled with a mixture of *™Tc-
pertechnetate and the NIR fluorophore IRDye800 CW (111). This experiment was
performed before the AHRS units were available, so the alignment of the positions of the
gamma and the visible/NIRF modalities was achieved through a separate calibration
procedure with two acrylic lesions prior to placing them in the gelatin phantom. In this
calibration procedure, the gamma camera was placed below the lesions before placing
them in the phantom and the visible/NIRF modality was observing the lesions from the

top, with fixed relative positions of the two modalities. The acquired images of the
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lesions provided us with fixed co-registration parameters that were used for the images
acquired during the gelatin phantom experiment, during which the location of the lesions
within the phantom was not known. The image showing the acquired gamma information

overlaid on top of the visible channel image in the gelatin phantom experiment can be

seen in Figure 78.

Figure 77: The visible channel image of a gelatin Figure 78: Signal from the gamma camera image
phantom mimicking the optical properties of (blue hue) overlaid on top of the visible channel
human tissue, containing two spherical lesions image of the gelatin phantom from figure on the left

filled with a radioisotope and a fluorophore

The gamma information would be useful to the surgeons prior to making the
initial incision, with the visible optical and gamma information shown at the same time.
Improved concept of using the outline from the gamma information only, instead of
segmenting and ‘coloring’ the whole area within the ‘hot spot’ can be seen in Figure 79,
which is an excerpt from the video of a simulated surgery performed on a gelatin

phantom similar to the one described above.
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Figure 79: A still image capture from the video of the simulated surgery performed on a gelatin phantom

For the phantom surgery in Figure 79, two spherical acrylic lesions (10 mm ID,
12 mm OD) were filled with a mixture of *™Tc-pertechnetate and ICG before being
placed in the phantom. The phantom was positioned at a WD of 30 cm below the camera.
The red circular curves correspond to the borders of the lesion images in the gamma
camera image, and the green regions correspond to the fluorescence image of the lesions
captured by the NIRF channel of the visible/NIRF camera. Note that the gamma camera
signal from both lesions can be seen clearly while the fluorescence signal can only be
seen from the lesion on the left, since the lesion on the right is being covered by
surgeon’s finger. The lesion on the left was seen even before the incision was made in the
phantom as the acrylic lesion was close the surface. The imperfect congruence of the
positions of the lesions as imaged by the gamma and NIRF cameras is partially related to

the nature of imaging of each modality and the dynamic nature of the surgery itself. The
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gamma camera typically integrates its images over a period of 30-60 seconds, after which
the target boundaries are determined. On the other hand, the visible and NIRF images are
updated at a rate of 30 frames per second. Consequently, observing the gamma camera
image stay in one place as the patient skin is moved by the surgeon in real-time can be
confounding to the untrained eye. The surgeons are aware of the static nature of the
gamma information and understand that the gamma images are used as guidance when
thick tissue prevents NIRF imaging. The real-time information from the NIRF channel is
the true information when the target is near the surface and the surgeon is manipulating
the patient skin and tissue. The gamma camera image at that point bears less weight to
the actual true position of the target. The surgeons are aware of the static nature of the
gamma information and understand that the gamma images are used as guidance when
thick tissue prevents NIRF imaging. The concept of displaying the gamma and
visible/NIRF information shown in the still image, as well as in the full video of the
phantom surgery, was accepted by the surgeons in terms of how it presents information to
the surgery. This novel information is anticipated to improve the intraoperative decision

making during future clinical SLNB and tumor surgeries.
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6.2 Visible/NIRF system in animal studies

The most significant test of the system prior to using it in the OR within the
upcoming human studies is in animal studies, where the surgical issues and procedures
would most closely resemble the real imaging task anticipated in the human studies. In
this section, the mouse studies in which one or both modalities of IMIS were used to
image the radioactive and fluorescent tracers that were injected in the mice will be

presented.

6.2.1 NIRF mouse imaging studies

The initial animal imaging used the NIRF video camera only, and was qualitative
in nature. A nude mouse was inoculated with MCF-7 breast cancer cells into four
different mammary pads. Tumors were allowed to develop over a period of several (4-5)
weeks. On the day of imaging, the mouse received tail vein injection of PC-1007, a novel
breast tumor-targeting tracer developed by Dongfeng Pan, PhD (112). The tracer is
fluorescent in nature and its optical excitation and emission spectra are similar to those of
ICG, which allowed the IMIS to be used without changing the optical filters. Figure 80 is
a screenshot obtained with the visible/NIRF camera at a WD of 30 cm with the NIRF
excitation and RGB LEDs on and shows that the fluorescence from four breast tumors
can be clearly visualized.

Figure 81 shows the four tumors after excision and dissection. The tumors were

imaged ex-vivo and show a non-uniform distribution of the tracer within the tumors.
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Figure 80: Visible/NIRF image of anesthetized mouse

Figure 81: Visible/NIRF image of excised and dissected tumors
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6.2.2 Full system mouse imaging studies

After developing the automated co-registration process, imaging a mouse by
using the full IMIS system with co-registration of gamma, visible and NIRF images was
performed. In this experiment, a female athymic mouse was inoculated with MCF-7
breast cancer cells into four different mammary pads. Tumors were allowed to develop
over a period of several (4-5) weeks resulting in two tumors on each side of the mouse on
the anterior side. The mouse was on a TD.94096 non-fluorescent diet (113) for several
days prior to imaging to minimize the observed strong autofluorescence signal seen in
prior NIRF mouse imaging experiments that was caused by their regular diet (not shown
here). On the day of surgery and imaging, the mouse was injected with *™Tc-PC-1007
via the tail vein injection. The mouse was then anesthetized, subjected to a tumor
excision surgery and imaged with IMIS in various stages of the surgery. Two tumors on
the left side of the mouse were excised first and placed next to the mouse. Lack of the
NIRF signal coming from the left side of the mouse was observed (Figure 82) which
assured the surgeon that the tumors were fully excised and no cancer cells were left

behind in the mouse.
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Figure 82: Visible/NIRF image of the anesthetized mouse with two excised tumors by its side

The tumors were then imaged with visible, NIRF and gamma modalities of IMIS.
The gamma image was processed as described in chapter 4 to segment the tumor images
and produce overlaid boundaries on the visible images. Figure 83 shows co-registered
visible, NIRF (green) and gamma (white outline) images of one of the tumors that the
surgeon chose during the co-registration process. Very good agreement between the
spatial position and relative sizes of the signals coming from gamma and visible/NIRF

modalities was observed, showing the proof of concept and successful IMIS operation.
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Figure 83: Visible/NIRF and gamma co-registered image of the excised and dissected tumors

6.3 Visible/NIRF system in human studies

As discussed in chapter 1, the NIRF imaging has been extensively used for
intraoperative surgical guidance in variety of procedures including the SLNB and tumor
excision for different types of cancer, burn assessment in plastic surgery, organ
transplantation, lymphatic system drainage, intraoperative graft assessment and more.
Keeping in mind the specialty of our surgical collaborators at the University of Virginia,
we have an opportunity to test the IMIS in intraoperative SLNB guidance and tumor
excision procedures. The IMIS is planned to be used in two upcoming clinical trials for
melanoma and colorectal cancer SLNB with a novel gamma and NIRF tracer designed

for SLN targeting (24). In this section of the dissertation, clinical trials with similar
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scopes are reviewed as an aid in preparing for the upcoming studies and to have a frame
of reference to compare the injected doses and concentrations of ICG. With non-imaging
radionuclide-based SLNB presently a standard of care with fairly well-established tracer
protocols, this review concentrated on NIRF trials and tracers used in them. More
specifically, variations in dosage, concentration and injection techniques when using ICG
as a tracer were documented, and the imaging instrumentation used and surgical results
are described below in more detail.

Being the only currently FDA approved NIR tracer, ICG has been used
extensively for testing novel NIRF imaging systems in SLNB procedures. In the past
decade, the dose and concentration of ICG or its conjugates injected in humans for this
purpose has varied widely. Additionally, the lymphatic pharmacokinetics of ICG can
vary depending on physiology, age and body mass index (BMI) of the patient. Injection
techniques for SLNB and position of the primary carcinoma and LNs are also crucial
parameters in mapping the ICG flow, and often it is not known a priori if the patient has a
compromised lymphatic system due to tumor metastases. Hence, diverse metrics were
followed in reviewing the ICG use during SLNB procedures and they are discussed
below.

Varying washout times of ICG from the SLNs exist, reported as low as 30 (114)
or 25 (115) minutes from the ICG injection point, to 1 - 2 hours (116), 4 hours (117) or
even several hours after injection (118). Similarly, the travel time from the injection point
to the SLN was reported as low as 90 seconds (119) and 160 - 280 seconds (118) and

upwards of 1 - 10 minutes (120), 5 minutes (121), within 5 minutes after injection for
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most patients (122), 5 - 15 minutes (114) and 16 plus 17 minutes (from injection to
incision plus from incision to reaching the first node) (123).

Two separate research groups have performed escalating dose studies to find the
optimal ICG injection dose that would result in highest possible signal to background
ratio ex-vivo in excised LNs. Sevick-Muraca (124) varied the injected doses of ICG from
0.31 pg to 100 pg in 24 consecutive women with breast cancer for SLNB (injected
volume varied depending on the administered route). Their findings implied that the
minimum injected dose of ICG for successful SLN mapping was 10 pg. Mieog (123)
similarly escalated the concentration of ICG:HSA (human serum albumin) injected in
SLN mapping procedures in 24 consecutive patients divided in 8 groups ranging from 50
UM to 1000 pM in a 1.6 mL volume. Their findings implied that the optimal injected
concentration lies in the range of 400 uM to 800 puM. One of the key conclusions in their
work was that the “..NIR fluorescent signal in the SLN is a complex function of the
concentration of the injected NIR lymphatic tracer, the distance between the injection site
and the SLN, the volume of ultrafiltrate within the lymphatic channels encountered by the
NIR fluorophore, and retention of the NIR fluorophore by the SLN. Of these, only the
injection concentration can be controlled”.

Finally, ICG and ICG:HSA were compared for SLNB in breast and cervical
cancer in two recent studies (125; 126), driven by the assumption that the ICG:HSA
would be more appropriate for retention in the LNs due to its higher hydrodynamic
diameter (26). However, these studies found no significant difference in fluorescence
intensity and SBR, the number of excised lymph nodes or the time for the tracer to reach

the LNs between using ICG or ICG:HSA. These studies noted the ICG is much easier to
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use without the investigational new drug (IND) approvals in the institutional review
board (IRB) protocol reviews compared to ICG:HSA.
Table 4 outlines the important tracer parameters for the SLNB clinical studies

discussed above. These values were helpful in setting up the IRB clinical protocol for the

upcoming melanoma and colorectal SLNB studies in which IMIS will be used.

Cancer type/ Number Imaging Injected ICG dose Injected ICG
investigator of system and volume concentration [M]
g patients | > [mg]/[mL]
Breast cancer/
Kitai (120) 18 PDE 25mg/5mL 6.4 mM
Breast cancer/
Ogasawara (119) 37 PDE 25mg/5mL 6.4 mM
Breast cancer/ Mini- 0.62 mgin 1.6 mL
Hutteman (126) 18 | FLARE | ICG:HASor ICG 0.5mM
0.31 pug to 100 pg /
Breast cancer/ 0.1-0.3 mL
Sevick-Muraca (124) 24 FDPM |ntra<ie_rrgarLLIIy OR N/A
subcutaneously
Breast cancer/ 5mgin4 mL
Tagaya (115) 25 PDE mixed with blue dye 1.6 mM
Breast cancer/ .
Hirche (114) 43 IC-View 11 mg average N/A
Breast cancer/ 0.4mginl.6mL
Troyan (127) 6 FLARE ICG:HSA 10 UM
Breast cancer/ Mini- 62 pg to 1.25 mg
Mieog (123) 24 FLARE in 1.6 mL 0.05-1mM
Breast cancer/ . .
Murawa (116) 30 IC-View | 5-15mgin 1-3mL 6.4 mM
Melanoma/ .
Fujiwara (128) 10 PDE 0.5mgin0.1 mL 6.4 mM
Melanoma/ .
Namikawa (118) 49 PDE S5mginlmL 6.4 mM
Melanoma/ .
Mizukami (129) 24 PDE 0.5mgin0.1 mL 6.4 mM
Cervical cancer/ . 0.5mgin2mL
Crane (130) 10| Munich |\ i ed with blue dye 0.3 mM
Cervical cancer/ 18 Mini- 0.62mgin 1.6 mL 0.5 mM
Schaafsma (125) FLARE ICG:HSA or ICG '
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Cancer type/ Number Imaging Injected ICG dose Injected ICG
investigator of system and volume concentration [M]
9 patients y [mg]/[mL]
Lung cancer/ )
Yamashita (131) 31 N/A 10 mgin2mL 6.4 mM
Gastric cancer/ .
Tajima (132) 56 PDE 10 mgin2 mL 6.4 mM
Oropharyngeal
cancer/ 8 PDE 10 mgin1mL 12.9 mM
Bredell (121)
Oral cavity or
oropharyngeal Mini- 0.62mgin 1.6 mL
cancer/ 10 | FLARE ICG:HSA 0.5mM

van der Vorst (122)

Table 4: Overview of injected ICG doses and concentrations in a range of cancer SLNB procedures
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CHAPTER 7: DISCUSSION

Development of IMIS for intraoperative guided surgery was presented in this
dissertation. The IMIS consists of an unique small FOV gamma camera based on the
SiPM technology and a visible/NIRF system whose main components are a video camera
capable of simultaneous visible and NIRF imaging and NIR LEDs for fluorophore
excitation, with all hardware components integrated on a common mobile cart.

The gamma camera was developed in collaboration with groups from West
Virginia University, Thomas Jefferson National Accelerator Facility and University of
Virginia. The performance of this gamma camera in both bench-top experiments and a
clinical study was evaluated. The camera has a small field of view of 6 cm diameter
round, which makes it convenient for hand-held operation. It has an intrinsic spatial
resolution of 4.2 mm, normalized energy spectra resolution of 21.1 % and sensitivity of
481 and 73 cps/MBq for one and two collimator options respectively.

Compared to similar developmental and commercial small FOV gamma cameras,
the gamma camera described in this dissertation shows comparable or superior resolution
and detection efficiency performance, and in a hand-held package. Aarsvold (133)
reported development of a camera with larger FOV (127 x 127 cm?) that was arm-
mounted and had lower sensitivity (61 cps/Mbq) compared to the gamma camera
developed in this dissertation, and which required longer acquisition times of 3 - 5
minutes. Vermeeren (85) has evaluated performance of a commercial gamma camera

Sentinella that was also not hand-held. The 4 mm pinhole collimator dictated a varying
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FOV that changed from 4 x 4 cm? to 20 x 20 cm?® at WD of 3 and 15 cm respectively.
Vermeeren reported very good intrinsic spatial resolution (ISR) of 1.8 mm and extrinsic
spatial resolution (ESR) of 7 and 21 mm, detection efficiency of 319 and 18.5 cps/MBq
at WD of 3 and 15 cm respectively and an energy resolution of 15.9 % in the range of 50
- 200 keV. Pitre (134) reported on development of a small FOV hand-held gamma
camera POCI (per-operative compact imager) in breast cancer SLNB (93). POCI has a 4
cm diameter round FOV, ISR of 3.2 mm, an energy resolution of 32 % at 140 keV, and
sensitivity of 290 cps/MBq.

Dengel (42) reported use of a 13 x 13 cm? FOV arm-mounted camera based on 3
x 3 x 6 mm?® Nal:TI scintillator with detection efficiency of 405 cps/MBgq. Scopinaro (90)
reported performance of a small hand-held camera that only weighs about 1 kg and has a
1 in? square FOV and ESR of 3 mm at 1 cm WD. Mathelin (135) reported performance of
a small 5 x 5 cm?® square FOV gamma camera based on 2 mm thick single crystal
GSO:Ce scintillator and with a mass of 2.5 kg compared to 1.4 kg for the SiPM camera
described in this dissertation. The ISR was measured to be 3 mm and the ESR was 10
mm at the WD of 5 cm, similar to that of the SiPM camera with a single collimator layer.
The detection efficiency was 1.6 cps/MBq and the energy resolution was 45 % of the
FWHM at 122 keV, both of which were inferior to those of the SiPM camera. Olcott (94)
reported on performance characterization of a miniature high sensitivity gamma camera
NodeView that weighs about 1.1 kg and was designed for use in SLNB for melanoma
and breast cancer. This camera has a FOV of 5 x 5 cm?, an intrinsic resolution of 1.8 mm,
average energy resolution of 12 % FWHM at 140 keV and a sensitivity of 270 cps/MBq

using a 15 mm thick collimator. Garbay (92) reported use of a small hand-held camera



148

Minicam 11 in breast cancer SLNB. This camera has a 4 x 4 cm? FOV, spatial resolution
of 2.5 cm, mass of only 0.7 kg and a sensitivity of 200 cps/MBq at the WD of 1 cm. A
commercial arm-mounted 2020tc imager from Digirad (136) was successfully used in
breast cancer SLNB (137; 138). This imager is arm-mounted, has a 21 x 21 cm FOV,
ESR of 18 mm at 15 cm WD, good energy resolution of < 14 % in the energy range 60 —
300 keV and sensitivity of 133 cps/MBq. Tsuchimochi (139) reported on the performance
of a prototype CdTe-based gamma camera (SSGC) for radio-guided surgery. The SSGC
has a 4.48 x 4.48 cm? FOV, ESR of 1.56 mm FWHM, an energy resolution of 7.8 %
FWHM at 140 keV and sensitivity of 300 cps/MBqQ.

Table 5 shows a review of important technical properties of these devices.

Device/ Spatial Sensitivity | Energy Field of view Optimal | Logistics,
investigator resolution | [eps/MBq]| resolution | [cm x cm)] wotking | handling
(FWHM) (FWHM) distance | and
[mm [%4] [cm] imaging
ISR | ESR time
GammaCAM/ NS NS |61 NS 12502 12:5 NS Amm-
Aarsvold 2006 mounted,
3.5
minutes
Sentinella/ 1.8 7 319 159% (50 | 4x 4 3 Armm-
Vermeeren 2009 21 18.5 -200keV) [ 20 % 20 15 mounted
13 x 12 MGC/ | NS | NS 405 NS 13x13 NS Arm-
Dengel 2011 mounted
2020te/ NS |18 133 <14%(60- | 21 x 21 15 Arm-
Digirad 2007 300 keV) mounted
SSGC/ NS | 1.56 | 300 7.8% at 448x448 0 Arm-
Tsuchimochi 63 140 keV 5 | mounted
2003
IP-821 Li-Tech/ | NS |3 NS NS 2.51x2.51 1 Hand-held,
Scepinaro 2008 1kz mass
CarollReS/ 3 10 1.6 45% al | 5x 5 5 Hand- Leld,
Mathelin 2008 122 keV 2.5kg mass
NodeView/ 1.8 |4 270 12% at|53x5 3 Hand-held,
Olcott 2007 140 keV 1.1kg mass
(wireless)
Minicam I/ 2.5 | NS | 200 <10% at | 4x4 1 Hand-held.
Garbay 2009 140 keV 0.7kg mass
POCI/Pitre 2003 | 3.2 | 3.9 | 200 32%  at | 4emdiameter 1 Hand-held.
7.6 140 keV | round 5 1.2kg mass
FWHM, full width at half maximum; ISR, intrinsic spatial resolution; ESR, extrinsic spztial
resolution; NS, not specified.

Table 5: Gamma scintigraphy devices used for clinical trials of SLNB
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The NIRF/visible optical system described in this dissertation was developed in-
house and showed good performance in bench-top experiments, surgery simulating
experiments and animal imaging. The spatial resolution was measured to be 1.7 lp/mm,
and good delineation of NIRF signal was observed up to almost a centimeter in realistic
tissue-like phantom experiments. Excellent co-registration of NIRF/visible and gamma
images was observed both in surgery simulating gelatin phantom experiments and during
animal imaging.

Compared to similar developmental and commercial NIRF imaging systems, the
visible/NIRF system described in this dissertation shows comparable or superior
performance overall. DeGrand (61) reported initial development of a fluorescence-
assisted resection and exploration (FLARE) system, whose hardware and logistics was
refined over time as reported by Troyan (127) and Mieog (123). These two systems have
been used extensively in animal model trials (61; 140; 141; 142; 143) and human clinical
trials including breast cancer SLNB (127; 123), ex-vivo colorectal SLN mapping (143)
head and neck cancer SLNB (122) and cervical cancer SLN mapping (125). In terms of
the reported imaging system characterization performance, the FLARE system (127)
provides fluence rates of 40 klux and 14 mW/cm? of white and NIR excitation light
respectively at the optimal working distance of 45 cm and a maximum FOV of 15 x 11.3
cm?. Mini-FLARE (123) has a smaller footprint imaging head compared to FLARE, with
improved logistics and handling characteristics that allows for imaging at more oblique
angles to the patient. Its excitation light output is somewhat lower compared to FLARE,
providing 26.6 klux and 7.7 mW/cm? of white and NIR excitation light respectively, and

compares well to 46.2 klux and 5.2 mW/cm? provided by IMIS. The working distance of
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mini-FLARE can be varied from 10 - 32 cm with an FOV of 12 x 9 cm? at 32 cm WD.
This working distance and FOV compare well with the 30 cm WD and 8.5 x 6.5 cm?
FOV of the NIRF system described in this dissertation. The camera acquisition time can
be adjusted for both FLARE and mini-FLARE to range from 100 us to 8 seconds, while
the IMIS can accommodate 30 ms or shorter acquisition times. The size of the IMIS
imaging head compares favorably even to the mini-FLARE system whose imaging arm
weighs close to 45 kg.

Handa (144) reported development of a custom CCD system HyperEye (HEMS)
for NIRF medical imaging applications that was used in intraoperative graft assessment
as well as fluorescence guided SLNB in animal models (117). With its working distance
of 50 cm and circular FOV with radius of 5 cm, the authors claim observing the NIRF
signal from 1.5 - 2 cm depth in tissue, which is better than ~ 8 mm seen with IMIS. It is
possible that the 760 nm excitation ring-light module in HEMS provides superior fluence
rates compared to IMIS that increase the amount of fluorescent light emitted by the
fluorophore. Coupled with a higher sensitivity CCD camera and a more rigorous rejection
of background light (840 nm cut-on filter used), this could result in the superior SNR and
depth penetration values reported. Ntziachristos reported development of an
intraoperative fluorescence imaging system using light-absorption correction (145),
which was subsequently used successfully in a cervical cancer SLNB (146) as well as for
assessing intraoperative techniques in tissue simulating breast phantoms (147). This
system uses a 750 nm laser diode and a beam expander and diffuser setup for fluorophore
excitation and a 250 W tungsten halogen lamp for white light illumination and color

imaging. The penetration depth of ICG for this system was qualitatively estimated to be
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about 1 cm from the clinical study, which compares well to the penetration depth
measured with IMIS. The maximum surgical field of view of 11.5 x 9.3 cm? at the WD of
21 cm of this system is slightly larger than the FOV for IMIS at WD of 30 cm. The
measured resolution is superior to IMIS (7.4 Ip/mm averaged between the
horizontal/vertical CTF compared to 1.7 Ip/mm in IMIS), but the sensor temporal
resolution in this imaging mode is much worse than IMIS (12 fps vs 30 fps). The size of
the imaging module of this system (45 x 6 x 41 cm®) is comparable to IMIS at the
moment (42 x 36 x 20 cm®), but the IMIS imaging head handling allows for more degrees
of freedom.

Sevick-Muraca reported development of an intensified CCD multiplexed NIRF
imaging system (148) and its use in lymphatic flow imaging in breast cancer (124). Even
with a 765 nm laser diode with 80 mW power for NIR excitation light, this system only
provided illuminance of 1.9 mW/cm? over the FOV of 200 cm? The results of their
clinical feasibility study were not notable due to the micro-doses of ICG administered,
with only 27/49 SLNs being fluorescent; nevertheless, these results confirmed the proof
of concept. In terms of commercial NIRF imagers, Kitai (120), Tagaya (115) and
Ogasawara (119) all reported successful clinical results of breast cancer SLNB in 18, 8
and 37 patients respectively using Hamamatsu’s Photodynamic Eye (PDE) system.
Furukawa also reported use of PDE in SLNB in cervical cancer (149). Kitai observed
signal from ICG solution embedded 1 cm in material mimicking optical properties of
human tissue in preliminary phantom tests. PDE itself comes in a portable hand-held
package with dimensions of 8 x 8 x 18 cm® and a mass of only 0.5 kg. The optimal

working distance of PDE is 20 cm with the FOV of about 9 x 12 cm?at the WD of 15 -
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25 cm with 760 nm LEDs for NIR light excitation and a CCD detector. Unfortunately,
the data on fluence rates and other performance characterization of PDE is scarce (spatial
resolution reported to be 3.17 Ip/mm (150)), with this system being used predominately
in clinical studies in Japan. IC-View from Pulsion Medical Systems (Munich, Germany)
was used in breast cancer SLNB in 43 and 30 patients respectively (114; 116), plastic
surgery applications in burn depth assessment (151) and small animal small intestine
blood flow assessment (152). The IC-View system utilizes a 780 nm laser diode for NIR
fluorophore excitation and an 835 nm filter at the CCD entrance aperture. However, the
data on other performance characteristics of IC-View is limited, besides a quoted 2 cm
fluorescence light penetration in tissue depending on the excitation light intensity.
Another commercial NIRF imaging system, Novadaq Spy was used in various clinical
medical imaging applications, including coronary and graft imaging (153; 154) organ
transplantation (155) and other cardiac function assessment procedures (156). This
imaging device consists of a laser diode and a driver that produces light at a wavelength
of 806 nm with a maximum output of up to 2.7 W over a square FOV of 7.5 x 7.5 cm? at
a WD of 30 cm. Fluence of 40 mW/cm? was reported in this work, which is below the
exposure limit of 200 mW/cm? set by the American National Standards for Safe Use of
Lasers (ANSI Z136.1); this fluence rate is superior to IMIS and below the photobleaching
limit of ICG. The Spy system has been cleared by the Food and Drug Administration
(FDA) exclusively for intraoperative imaging following the intravenous administration of
ICG. The system can be used in a variety of applications including coronary artery
bypass, cardiovascular, plastic, reconstructive, organ transplant and gastrointestinal

surgery, but the SLNB and oncology applications have not been pursued to this point.
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Hirche (150) reported use of a commercial hand-held NIRF imaging system Fluobeam
800 in assessing SLN mapping in pigs. He reported a mean depth detection of the
ICG:HSA signal from lymph nodes at 2.5 cm depth, with the system having FOV of 7.5 x
10 cm? at the WD of 20 cm and spatial resolution of 4 Ip/mm. The excitation source was
a class 1 expanded laser with a very high NIR excitation light fluence rate of 100
mW/cm?, which might have caused ICG fluorescence quenching during the animal
imaging. Heuveling (157) used Fluobem 800 for head and neck SLNB in rabbits and
reported similar performance metrics as Hirche with a 6 cm diameter illuminated FOV at
17 cm WD, but using a much weaker fluence rate of 9.6 mW/cm?® A review of most

important technical properties of the NIRF devices described above is shown in Table 6.

Device/ . Working . Excitation light -
Investigator/ Resspoiiﬂfilon distance Vli:(;\?vld[cc:]] fluence [klux] h‘;%'gﬂﬁ‘c’/
Company [cm] or [mMW/cm?] g
FLARE/ | S2%02BM [ | 22x17t0 | 40Kuuxand | Amm-
Frangioni um 15x11.3 14 mW/cm? mounted
Mini-FLARE/ 320 x 320 10 - 32 12 x 9 at 26.6 klux and Arm-
Frangioni um 32 cm WD 7.7 mW/cm? | mounted
FDPM/ round, 2 Arm-
Sevick-Muraca NS <76.2 900 cm? | “LIMWIEM™ | inted
HyperEye/ i round, 5 cm 760 nm Arm-
Kochi NS 30-50 diameter LED array mounted
PDE/ 760 nm Hand-
317 Ip/mm | 15-25 9x12 held, 0.5
Hamamatsu LED array
kg mass
2 Arm-
SPY/Novadaq NS 30 7.5x75 40 mW/cm
mounted
Fluobeam800/ 4 20 75x 10 100 mW/cm® | Hand-
Fluoptics 17 6cmround | 9.6 mW/cm? held
IC-View/ 780 nm Hand-
Pulsion Medical NS NS NS laser diode held
. 750 nm laser
Munich/ 7.4 Ip/mm 21 115x93 | diode,250W | M-
Ntziachristos mounted
tungsten lamp

Table 6: NIRF devices used for clinical trials of SLNB; NS, not specified
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Regarding the future plans for use of IMIS, the gamma camera will be used by
itself for recording data from different camera positions and reconstructing this data to a
3D model of a larger field of view (FOV), similarly to the freehandSPECT concept
available from SurgicEye (158; 96). The IMIS is expected to be used in two clinical
studies involving SLNB in melanoma and colorectal cancer patients. A novel ICG-*"Tc-
Nanocoll compound that showed great results in SLNB in Europe (24; 159) is anticipated

to be used for injection as an ideal tracer for imaging with both modalities of IMIS.
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