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Abstract 

Fluorescence molecular imaging will have an important clinical impact in the area 

of guided oncology surgery, where emerging technologies are poised to provide the 

surgeon with real-time molecular information to guide resection, using targeted 

molecular probes. The development of advanced surgical systems has gone hand in hand 

with probe development, and both aspects are analyzed in this work. A pulsed-light 

fluorescence guided surgical (FGS) system has been introduced to enable video rate 

visible light molecular imaging under normal room light conditions. The concepts behind 

this system design are presented and performance is compared with a commercial system 

in both phantom and in vivo animal studies using PpIX fluorescence.  

The second critical advance in the emergence of these technologies has been the 

development of targeted near infrared (NIR) probes. A small, engineered three-helix 

protein was analyzed for imaging of glioma tumors. The blood brain barrier affects 

delivery of probes and the superior delivery of a smaller targeted protein (anti-EGFR 

Affibody) as compared to a full sized antibody is shown using a murine model, ex vivo 

tissue slices and a commercial imaging system. This small targeted probe is examined 

further for its possible application in FGS using the pulsed light imaging system. A 

concentration sensitivity analysis to determine the lower bounds on concentration needed 

for effective imaging is performed with this culminating analysis carried out in a murine 

orthotopic glioma tumor model. 
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Chapter 1 Fluorescence Guided Surgery 

1.1 Background: 

The use of fluorescence to differentiate tissue types and provide surgical guidance 

is poised to make a significant clinical impact in the near future. The surgeon’s objective 

in the resection of tumor tissue is simply to minimize or eliminate involved margins 

while minimizing damage to normal tissue, especially in sensitive or critical areas, and 

optical imaging is a standard part of how this assessment is done.  Augmenting this with 

biochemical tags and specially designed intrasurgical microscopes to allow the use of in 

vivo contrast agent administration and detection to visualize uptake will allow the advent 

of molecular-guided surgery. This chapter will examine the state of the art in 

fluorescence guided surgical systems as well as provide a review of fluorescent-

molecular probes, which will be the subject of study in this thesis. 

The number and breadth of surgical procedures that stand to benefit from 

additional information provided by fluorescence guidance is quite vast.  The majority of 

imaging has been based upon indocyanine green (ICG) or fluorescein, and most 

fluorescence imaging systems today have focused on these molecules, as they along with 

methylene blue are the only clinically approved fluorescent contrast agents [1-4]. 

Fluorescent contrast using fluorescein and ICG is generally created by the enhanced 

permeability and retention (EPR) effect, which is seen in most tumors and results in 

greater concentrations of these agents within the tumor [5]. While exploitation of the EPR 

effect remains an important strategy, there are newer methods in surgical oncology that 

utilize tumor contrast created by other unique properties of the tumor. For example, in 
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ALA induced PpIX imaging the unique metabolism of the tumor to produce PpIX in the 

presence of excess ALA is exploited to create contrast [6,7]. Patients are dosed with 

excess ALA and this allows for metabolism of the tumor to be imaged. This has been 

shown to be especially significant in human glioma surgery where there can be a 

significant difference in metabolism between the tumor and normal brain [6-9]. Increased 

fluorescent contrast is generally governed by either tumor metabolism markers as is the 

case in ALA induced PpIX production, or by the enhanced permeability and retention 

(EPR) effect when using the direct administration of native fluorophores. The EPR effect 

tends to dominate most of the available contrast in tumors, which is a limitation that will 

hopefully be set aside at some point in the near future as targeted fluorescent agents gain 

clinical approval. The volume of research centered on the development of targeted drugs 

and agents specific to overexpressed cancer cell surface receptors has been extensive over 

the last decade and has produced many promising imaging agents including a number of 

clinically approved antibodies [10]. Use of these proteins as imaging agents, however, 

will require separate clinical approval as the conjugation of a fluorophore results in a new 

compound that must be evaluated separately. These agents will be discussed further in 

Chapter 1.3.  

In addition to using fluorescence to mark sites of pathology, there is also 

tremendous interest in using fluorescence to mark sensitive areas for the surgeon to 

avoid. The use of fluorophores to highlight the vasculature during surgery has already 

been well established [2]. There is additional interest in using fluorescence to highlight 

nerve tissue, as inadvertent nerve damage is a leading cause of morbidity following 

surgery [11,12].  
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The excitement surrounding the use of fluorescence guidance in surgery is 

warranted, but in order for this to become the standard of care in specific settings there is 

tremendous work to be done. The areas of research that will determine the future of 

fluorescence guided surgery are undoubtedly the development of superior fluorescent 

probes, the use and development of superior models to translate fluorescent signals into 

positive identification and of tissue type and the development of more sophisticated 

surgical imaging systems. These areas are all somewhat interrelated, as will be discussed 

in this thesis. The development of superior molecular probes will in turn allow for more 

sophisticated modeling techniques, as will be seen in Chapter 3. Additionally, the 

development of new imaging systems will be guided by their ability to both detect these 

new NIR probes as well as their ability to process this data in real–time in order to 

provide the surgeon with the most up to date and accurate information. 

 

Table 1.1 Selection of commercially available fluorescence guided surgical imaging systems 

 

 

 

 

Company
Imaging 

System

Fluorescence 

Excitation 

Source

Wavelengths 

(nm)
Power Detection

Clinical 

Approval

White 

Light
Display Primary use

Working 

Distance
FOV

Hamamatsu
photodynamic 

eye (PDE)
LED 805 not specified 8 bit CCD no

no NIR 

color 

overlay

detection of 

sentinal lymph 

nodes

15-25cm
not-

specfied

Novadaq 

Technologies, 

Concord, Canada

SPY Laser 806 2.0 W 8 bit CCD video no

no NIR 

color 

overlay

graft 

assesment 

using ICG 

angiography

30cm 56 cm^2

Fluoptics, 

Grenoble, France
Fluobeam Laser 680 or 780

780 laser is 

10mW/cm^2
12 bit CCD LED

no NIR 

color 

overlay

22cm 80 cm^2

HyperEye Medical 

Systems (Mizuho 

Medical), Japan

HyperEye LED array 760 not specified
CCD  with internal filter 

and multiple sensors
yes

NIR color 

overlay

graft 

assesment 

using ICG 

angiography

30-50 cm 78.5 cm^2

General Electric GE laprascope laser diode 405

500mW or 2 

mW/cm^2 at 

2.5cm

single camera LED

side by 

side NIR 

and color

nerve 

highlighting
2 - 5 cm

4.9 x 6.6 

cm at 5 cm

Quest Medical 

Imaging 

(Netherlands)

Artemis laser

CCD with internal prism 

and two or three 

sensors 

Artemis 

Light Engine

NIR color 

overlay
varies varies

Zeiss Zeiss Pentero broad beam 405 and 800

~60mW/cm^2 

at 405nm and 

200mW/cm^2 

white light

visual PpIX detection yes yes
surgical 

goggles
neurosurgery 200-500mm

highly 

variable 

with zoom 

lens

LEICA LEICA broad beam
800 module 

available
visual PpIX detection yes yes

surgical 

goggles
200-500mm
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Table 1.2 Selection of research fluorescence guided surgical imaging systems currently under development by 

academic researchers. The Flare system is also now available commercially through the non-profit 

organization the Flare Foundation. 

 

1.2 Review of Surgical Systems 

The imaging system used in any fluorescence guided surgical application will be 

composed of a number of carefully selected basic components and the selections made 

will inherently require some tradeoffs. There is a range of systems that are now 

commercially available and a select group of them are detailed in Table 1.1. In addition 

to these systems, there are also several systems under development by academic 

researchers and a selection of these is detailed in Table 1.2. 

The requirements that are driving the design of new fluorescence guided surgical 

systems are shown in Figure 1.1, along with the key solutions. The remainder of this 

section will examine the considerations that go into the development of these systems as 

well as present a discussion of the current state of the art and consider what the future 

holds for fluorescence guided surgical systems. 

 

Research 

Group
Imaging System

Fluorescence 

Excitation 

Source

Wavelengths 

(nm)
Power Detection

Clinical 

Approval

White 

Light
Display Primary Use

Working 

Distance
FOV

Frangioni / 

Flare 

Foundation

FLARE LED 745-779 14 mW/cm^2
3 separate 12 bit 

CCD cameras

Clinical trials 

only
yes

NIR  color 

overlay

angiography, 

nerve 

highlighting

45cm
3.7 - 169 

cm^2

Frangioni / 

Flare 

Foundation

Mini-FLARE LED 760 8.6 mW/cm^2 12 bit CCD cameras yes
NIR  color 

overlay

sentinal lymph 

node mapping
30cm 100 cm^2

Gioux / Beth 

Israel 

Deaconess 

Medical Center

FluoSTIC laser diode 740

500 mW laser 

and 7mW 

white LED

10 bit CCD No LED
NIR or 

white light

oral onologic 

surgery
12.6 cm 4 x 3 cm

Ntziachristos Munich/SurgOptix laser 750 300 mW
3 separate 12 bit 

CCD cameras
No

halogen 

lamp

NIR / color 

overlay
varied 21 cm 1.5-107cm^2

Valdes / 

Roberts

modified Zeiss 

Pentero
broad beam 404 and 800

~60mW/cm^2 

at 405nm and 

200mW/cm^2 

white light

CCD camera
Clinical trials 

only

non video 

rate NIR  

color 

overlay

glioma 

resection
20-30cm
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Figure 1.1 Forces driving development of FGS system and emerging solutions. Blue arrows representthe main 

forces driving current system development. These requirements can be met through the concurrent acquisition 

of multiple images and solutions emerging from current systems have, for the most part, entailed the 

implementation of one of those strategies described within the yellow circles. Size of circles correlate with the 

popularity of the strategy.  

 

1.2.1 Fluorescence Detection: 
 

Fluorescence detection is typically accomplished with the use of a charge coupled 

device (CCD) camera, as these detectors allow cooled, low-noise integration over time 

with a reasonably high frame rate. Fluorescence images without some sort of reference to 

the surgical anatomy are considered less useful to the surgeon, and so to this end there is 

a clear desire in most of these systems to allow for the overlay of the fluorescence image 

onto a white-light illuminated color image of the surgical field. This complicates the 

detection system, as a standard monochrome CCD camera will not allow for this to be 

done. Several different solutions to this problem have been developed, with particular 

attention being paid to imaging ICG and cyanine-derivative molecules which emit in the 
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800 nm wavelength band. One option is to use multiple cameras and a dichroic beam 

splitter to separate these NIR fluorescence signals from the white light signal, which 

works well because the background light at 800 nm is extremely low for most surgical 

sources. This approach was demonstrated in the SurgOptix system as well as in 

pioneering development of the FLARE and mini-FLARE systems by a leading academic 

research group [13]. Another approach has been to utilize specialized cameras that are 

able to simultaneously produce a color image as well as an NIR image. These cameras 

rely on the separation of light within the camera itself and the use of multiple image 

sensors. This type of camera is present in the commercial efforts of the HyperEye and the 

Artemis system [14-16]. The GE laparoscope also uses a single camera, but relies on 

rapid switching between filtered white light and laser based fluorescence excitation to 

allow for video rate display of fluorescent and white light images [12]. Each of these 

systems has slight differences, but largely all operated on the principle of wavelength 

separation of the signals. 

A standard CCD camera allows the user to control exposure through the opening 

and closing of the shutter. The minimum allowable exposure time is typically on the 

order of milliseconds although some do allow for sub millisecond exposures. This is also 

true for electron multiplying CCDs (EMCCDs) where despite increased sensitivity as a 

result of signal amplification, these sensors are not able to reduce exposure times below 

the limits of a standard CCD as the physics pertaining to shutter operation remain the 

same.  

The image intensifier on an intensified CCD (ICCD) allows for a pulsed gate 

voltage between the photocathode and micro channel plate (MCP), which can be used to 
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achieve extremely short exposure times down to nanoseconds [17]. In addition, the 

tremendous gain that can be produced within the MCP gives these sensors extremely high 

sensitivity, which can allow them to actually utilize these short integration times [17]. 

The real advantage of using a CCD with gain, either an ICCD or EMCCD, is the ability 

to reduce integration time while maintaining signal. If there is no restriction on the length 

of integration then increasing integration time rather than using gain will generally 

produce higher quality images as gain always introduces some level of noise. The 

tradeoff between camera gain vs. increased integration time and its effect on detected 

signal, noise and practical consideration in surgery is explored in Chapter 6.  The use of 

shorter integration times may present some advantages for fluorescence imaging in the 

context of surgical guidance as the reduction in acquisition time may help reduce 

background signal, enable greater acquisition rates. Reduced imaging time and 

suppression of background signal are discussed further in Chapter 4 where the idea of 

using gating to allow for fluorescence imaging in normal room lighting is presented. The 

limits of imaging under high ambient light conditions are explored further in Chapter 6 

where the use of periodic ambient light signal to trigger fluorescence acquisition is tested 

in a fully lit operating room. 

The surgical microscopes from commercial developers Zeiss, Leica, and Olympus 

are unique from the other systems in that while they do have CCD cameras, they have 

developed a specialized blue-excitation and red-emission channel specifically for PpIX 

imaging. These instruments rely on visual detection of fluorescence and allow the 

surgeon to go back and forth between white light and blue light illumination during 

surgery. Visual detection of the apparent pink PpIX fluorescence is used to identify tumor 
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tissue with some blue excitation light purposely let through for identifying anatomical 

features [18]. Modifications to these instruments have been made to enable fluorescence 

detection beyond that which is visible as well as to make tumor identification less 

subjective and more quantitative [19]. However most fluorescence systems today have 

focused on the application of imaging  

1.2.2 Signal Filtering: 
 

The desire to image more than one fluorophore simultaneously is driving the 

development of more complicated filtering and detection systems. The solutions provided 

by these systems often parallel those employed for the purpose of delivering NIR color 

overlaid images and in some cases are just an extension of the solutions already 

described. For example, the FLARE system accomplishes multi-fluorophore imaging 

using the same technique that it uses to captures simultaneous white light and NIR 

images. A second dichroic beam splitter separates remitted fluorescence emission into 

two distinct channels, which are then detected on two separate cameras [20].   

Figure 1.2 includes a photograph of the FLARE system as well as selected tissue 

images produced by the system. The Artemis system is available with a camera that 

contains an internal prism for wavelength separation and three distinct sensors, one for 

white light and one for each fluorescence channel [21].  

The SurgOptix system uses a similar setup to the FLARE, but rather than the 

simultaneous imaging of multiple fluorophores, the impetus for this setup is to allow 

image correction for variations in tissue optical properties [22]. Simultaneous collection 

of light reflectance images at the excitation wavelength along with fluorescence images 
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over the same field of view (FOV) allows for the continuous correction for variations in 

tissue optical properties.  Themelis et al. used phantoms with the same fluorophore 

concentration but varying levels of absorption to show that simply dividing fluorescence 

by fluence resulted in corrected images that reduced errors from as much as 25% to a 

maximum of 7%.  
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Figure 1.2 Selection of available FGS systems. The HyperEye imaging system (top row) is designed for 

intraoperative graft assessment using ICG and allows for a color/NIR overlaid image. The system indicated 

patency of the graft and detected intermittent flow fluorescence (green arrow) through the native coronary 

artery and then graft- dependent perfusion fluorescence (yellow arrow). The FLARE imaging system (2nd row) 

allows dual fluorescence / color overlay images. It is seen (from left to right) that the white light image, the 

highlighting of nerve and adipose tissues with GE3082, the ICG image showing blood flow, and finally the three 

images overlaid and false colored. The Zeiss Pentero surgical microscope (3rd row) is used for PpIX imagining 

in glioma resections and has been modified by the Valdes group for improved margin detection. It is seen  (from 

left to right) that the white light image, the blue light image in which no pink PpIX fluorescence is seen as these 

images are following resection of all visible PpIX and finally what has been labeled quantitative fluorescence 

image (qFi) overlaid on the white light image. qFI uses corrections for variations in tissue optical properties to 

compute more accurate images of PpIX. A recent system, entering the clinical market, is the Fluoptics system 

(4th row), fluobeam, which uses LED illumination and provides a handheld room light compatible device for 

NIR imaging of 800 nm fluorescence. This system is used today primarily for vascular mapping (as seen in the 

right bottom image). The last system from Quest Medical Imaging is the Artemis system (5th or bottom row), 

which has LED illumination and can be configured for multiple wavelengths in the same package, although it 

requires that room lights to be dimmed or turned off for acquisition.   

HyperEye 

FLARE 

Zeiss 

Fluobeam 

Artemis 
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The importance and benefit of providing images that correct for variations in 

tissue optical properties is well recognized. A camera system attached to one of the extra 

ports on the Zeiss Pentero surgical microscope has allowed another group to do near real 

time spectroscopic imaging enabling the display of corrected fluorescence images 

overlaid on white light images [19]. This system utilizes a liquid crystal tunable filter 

(LCTF) from CRI (VariSpec VIS/VISR) that allows rapid, as fast as 50ms, transitions 

between wavelength bands (7, 10 or 20 nm). The technique developed for correction of 

the fluorescence images is slightly more complicated than in the SurgOptics system, as 

the excitation and emission wavelengths in this study, which looks at PpIX fluorescence, 

were substantially different. (Excitation at 405 nm and emission collected from 620 nm to 

710 nm) The algorithm used required a calibration factor that depended on excitation 

power as well as reflectance images at both excitation and emission wavelengths. 

However, corrections were substantial across a range of scatterers and absorbers. While 

the system developed by Valdes et al. was able to show quantitatively accurate corrected 

fluorescence images it is only able to display updated images approximately every couple 

of minutes. Despite this limitation, surgeons still deemed the images useful and 

considered them an excellent supplement to real-time PpIX fluorescence visualization.   

Figure 1.2 includes a photograph of the Zeiss Pentero as well as an example of 

images collected utilizing the Valdez system following PpIX visual resection of a glioma. 

The speed at which a system such as this is able to display processed images is limited by 

the speed of the LCTF, which even at 50 ms is a substantial hindrance to multi-spectral 

imaging at video rate. Additionally, processing time can be significant as it must be 
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performed on a pixel by pixel basis and large high resolution images are the most 

desirable.  

Multi-spectral imaging allows for the use of a wider range of imaging agents. In 

the case of novel nerve highlighting agents developed by Gibbs et al. multi-spectral 

imaging was necessary in order for nerve tissue to be completely separated from adipose 

tissue. Both tissues showed uptake of the agent and it is the environment dependent 

difference in the fluorescence emission spectra that allowed signal from the two tissues to 

be deconvolved [11]. Spectral fitting may also allow for greater sensitivity, which can 

result in superior discrimination between tissue types as was seen with the Valdes system 

[19]. Additionally, multi-spectral imaging systems inherently have the ability to image 

multiple fluorophores simultaneously.  In the ideal surgical environment, multiple 

molecular reporters could be labeled with probes that fluoresce at different wavelengths; 

fluorescence images could then be false colored and overlaid on a white light image to 

improve specificity. 

1.2.3 Illumination: 
 

The choice of an excitation source is an extremely important consideration in the 

design of these systems. While a laser source provides the greatest power, there are a 

number of drawbacks to this choice. In particular lasers are extremely inefficient and this 

is especially apparent when used for wide field illumination. Additionally coherent 

sources can have well known problems of speckle, resulting in an inhomogeneous 

illumination pattern. The high cost of lasers as well as safety concerns associated with 

their use in the clinic also makes them a less appealing choice [23]. Two systems 
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examined here that utilize lasers are the laparoscopic systems (GE and Artemis 

laparoscopes), where light is delivered through smaller fiber optic cables as access and 

space for imaging is limited. This is a specific domain where the laser may retain its 

advantage for some time [12,16,24].  

In comparison, LEDs provide wide field illumination at a reasonably narrow 

bandwidth with relatively high power and much lower cost than a typical laser, and as a 

result are the reasonable choice for open surgery applications. High powered LEDs are 

now available at a large range of wavelengths and the choices are continually expanding.  

Some large companies producing high-powered LEDs include InfiniLED, Luminus, and 

Cree Inc., as are used in the Artemis and Fluobeam systems (Figure 1.2).  Power for a 

given LED is generally limited by the ability of the device to dissipate heat, which sets an 

upper limit on the continuous output. However, this limit is already extremely high and is 

continuously increasing. In fact, in the year 2000, Dr. Roland Haitz predicted that the 

amount of light generated per LED package would continue to increase by a factor of 20 

every ten years while at the same time cost would decrease by a factor of 10. This 

prediction has proven to be fairly accurate and is considered the LED equivalent of the 

better known Moore’s Law for integrated circuits (see Figure 1.3). Additionally, LEDs 

are capable of being overdriven for short duration pulses and as such are able to provide 

even greater power under specific operating conditions. This feature is one of the key 

advantages to the LED based pulsed imaging system described in Chapter 4 [25]. The 

packaging of LEDs as well as the optics used to direct and focus the output is also very 

important in surgical applications as the working distance may be substantial and there is 

a strong desire for uniform illumination. Gioux et al. developed a novel LED based light 
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source capable of providing up to 40,000 lx of white light and used filtering to achieve 

4.0 mW/cm
2
 of 670 nm visible excitation light and 14.0 mW/cm

2
 of 760 nm NIR 

excitation light over a 15-cm diameter field- of-view [23]. This set up provided 

illumination for the FLARE imaging system, which has already been used in a number of 

clinical trials [20], and continues to be duplicated in collaborating studies supported by 

the FLARE Foundation (http://www.theflarefoundation.org). 

 

Figure 1.3 Haitz Law for LEDs. Haitz predicts that light generated per LED package will continue to increase 

by a factor of 20 every 10 years while at the same time cost will decrease by a factor of 10. This trend can be seen 

here from the late 1960s into the 21st century. Plot provided by the LED Lighting Group, LLC. 

The main systems to employ traditional broad beam sources for fluorescence 

excitation are the surgical microscopes from Zeiss and Leica and the open surgical 

systems recently developed from Fluoptics (Fluobeam) and the Quest system (Artemis). 

These systems rely on the filtering of excitation light to limit corruption of the detected 

signal. Additionally, PpIX fluorescence detection is done by eye and as such color 

differences can be observed between the blue excitation light and the pink fluorescence. 

In fact a portion of the blue excitation light is purposely let through the emission filter to 
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allow for visualization of anatomical features. This method cannot be used with most 

types of fluorescence imaging as the Stokes shift is generally much smaller making 

differentiation between excitation and emission light more difficult. Additionally, the use 

of NIR light makes visual detection and differentiation between wavelengths impossible. 

These systems require the room lights in the operating room to be turned off or at least 

severely dimmed to allow for the detection of fluorescence. 

While it is important to select the best type of light source for the application, the 

choice of the wavelength to use for excitation may be equally as critical. There is a 

tremendous advantage to the use of NIR light and this advantage is not limited to the 

reduced scattering and absorption at these wavelengths. The use of invisible NIR light 

will prevent fluorescence excitation light from interfering with the normal white light 

view of the surgical cavity [20]. The spectral separation of room light from the emitted 

fluorescence in the NIR will be examined later in Chapters 4 and 6, but this is 

exceptionally good at 800 nm, whereas it becomes less efficient in the visible due to 

higher room light background.  

In addition to providing fluorescence excitation light, the majority of systems, 

both on the market and under development, provide their own white light source as well 

(see column 8 in Table 1.1 and Table 1.2).  Standard fluorescent room lighting produces 

significant light in the NIR range and as such can result in significant background signals. 

The self-contained white light sources used in these systems are generally filtered and as 

such do not interfere with fluorescence imaging.  However, these systems will suffer 

degraded performance if the room lights in the operating room are not turned off or at 

least dimmed. The level of degraded performance will depend on a number of factors, 
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one of which is the emission wavelength of the fluorophore being detected. At higher 

wavelengths the signal from standard fluorescent lighting is considerably lower and this 

may be another advantage to using higher wavelengths in the NIR range. For example, 

measurements taken in a standard lab environment illuminated solely by overhead 

fluorescent lights (Sylvania Octron XP 17W 3500K) produced power measurements 

roughly 12 times higher between 680 and 720 nm than between 780 and 820 nm. 

However, it must also be realized that one cannot always choose the emission wavelength 

and this is indeed the case when examining endogenous fluorophores such as PpIX. 

There are also advantages to being able to image multiple wavelengths and reducing 

background signal will further enable this by improving imaging at the lower end of the 

NIR window and into the visible spectrum. 

The need to make changes to normal lighting in the operating room presents a 

significant disruption to work flow and will make adoption of these systems outside of 

clinical trials more difficult. Trials are generally entered into by surgeons who are 

necessarily innovative and more often open to the adoption of new methods. This is not 

necessarily true of surgeons and hospitals in general. Any system that could operate 

without any change to the normal operating environment would stand a better chance of 

being adopted for widespread use. Additionally, there is a great deal going on in the 

operating room other than just that which is seen in the surgeon’s field of view. The 

impact of these other tasks having to be completed in significantly reduced lighting 

conditions is unknown. This has in a large part been the motivation for the development 

of the pulsed light FGS system that is introduced  in Chapter 4 [25].  



17 

 

1.3 Imaging agents for FGS:  

1.3.1 Fluorophores 
 

The current use of fluorescence-guided surgery in the clinic is severely limited by 

the range of clinically approved fluorescent tracers. The only fluorophores that are 

actually approved by the United States Food and Drug Administration (FDA) for use in 

patients are indocyanine green (ICG), fluorescein and methylene blue. Additionally, the 

administration of ALA for enhanced PpIX production has been used in a number of 

clinical trials in the United States and has become the standard of care for surgical 

resection of high-grade gliomas in Germany [19]. While ICG, fluorescein and methylene 

blue have shown promise in specific applications, their usefulness is certainly limited and 

the emergence of new dyes is critical for the expansion of fluorescence guided surgical 

applications [26,27]. 

 Following intravenous injection, ICG rapidly binds to albumin and other plasma 

proteins, which has been shown to increase both quantum yield (approximately 3-fold) 

and the effective hydrodynamic radius of the protein-dye conjugate (to approximately 7 

nm) [20]. The absorption peak in plasma is in the vicinity of 807 nm and the emission 

peak around 822 nm [1,3]. ICG is essentially a blood-pooling agent and has seen its 

greatest successes in angiography [2,14,28]. However, ICG can also be used for sentinel 

lymph node mapping and other applications [29,30]. 

Fluorescein sodium is a small organic molecular salt (376 Da) with an excitation 

maximum of 494 nm, an emission maximum of 521 nm at a pH of 8. These wavelengths 

are not ideal for in vivo imaging as they lie in a region of greater tissue absorption and as 
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such tissue penetration is reduced. Despite this fluorescein has seen numerous surgical 

applications in the clinic over the years beginning with its first reported use as a tool for 

the resection of brain tumors in 1948 by Moore [4,31].  However, fluorescein now finds 

its greatest use in angiography.  

Methylene blue is a small (320 Da) hydrophilic phenothiazine derivative with 

peak absorption occurring at 670 nm and peak emission at 700 nm. Extinction coefficient 

and quantum yield are significantly lower than those of ICG resulting in approximately 

one quarter the brightness of ICG [32]. Methylene blue has found numerous applications 

in fluorescence-guided surgery despite these limitations. Applications include 

angiography [33], sentinel lymph node mapping [20], assessment of lymphatic function 

and identification of liver metastases [34]. 

  There are a number of newly developed fluorophores that are on the path toward 

clinical approval. These fluorophores have been engineered for high quantum yield, 

reduced photobleaching, optimized wavelengths and the ability to be directly conjugated 

to targeted moieties.  Licor IRDye 800CW has peak absorption at 773 nm and peak 

emission at 792 nm, which are ideal for in vivo imaging due to maximum tissue 

penetration and minimal autofluorescence at these wavelengths as well as the ability to be 

excited by non-visible light. The absorption and emission spectra are shown in Figure 

1.4A while the molecular structure can be seen in Figure 1.4B and the thiol reaction that 

allows conjugation to targeting agents such as Affibodies is seen in Figure 1.4C. Licor 

IRDye 800CW is manufactured under current good manufacturing practices (cGMP), has 

completed a toxicity study performed under  good laboratory practice (GLP ) [35], and 

has drug master files (DMF) on record with U.S. and European regulatory authorities. 
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The dye can be produced as either a maleimide or NHS ester allowing simple conjugation 

to antibodies or other targeting moieties. Substantial pre-clinical work has been 

performed using this dye conjugated to a multitude of targeted agents [36-39]. A clinical 

trial utilizing IRDye 800CW conjugated to VEGF targeting fluorescent tracer, 

bevacizumab, for breast cancer imaging is currently underway at the University Medical 

Centre Groningen in the Netherlands. [40] 

In addition to the development of versatile dyes that are capable of being 

conjugated to separate targeting agents there are also a number of new dyes emerging that 

target various tissues or cells directly. One important class of dyes targets nerve tissue so 

as to enable the surgeon to avoid damaging these sensitive areas [41,42]. These dyes face 

the additional challenge of having to be able cross the blood nerve barrier (BNB). 

However, the clinical success of these agents could help stem one of the leading causes of 

morbidity following surgery. 
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Figure 1.4 IRDye 800CW fluorescent imaging agent  (A) absorption and emission spectra, (B) molecular 

structure and (C) thiol reaction that allows conjugation to new generation of engineered targeted imaging agents 

such as the Affibody. 

1.3.2 Targeting probes 
 

In addition to the anticipated arrival of new fluorophores for clinical use there is 

also tremendous development in the area of targeted proteins to which these dyes may be 

conjugated. There are already a number of antibodies approved for clinical use as 

therapeutics and many of these target specific surface receptors that are over-expressed 

on cancer cells. These include antibodies targeting the epidermal growth factor receptor 

(EGFR), the human epidermal growth factor receptor 2  (HER2), and vascular endothelial 

growth factor (VEGF) [43-45]. The over-expression of certain receptors within cancerous 

tissue will allow fluorophore-protein conjugates that target these receptors to have 

increased specificity which enables increased tumor to normal tissue contrast. 
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Targeting proteins are not limited to antibodies and there is substantial research 

into the development of other engineered targeted protein alternatives to full sized 

antibodies. These include antibody fragments [46] as well as non-immunoglobulin 

derived  proteins such as Affibodies, DARPIins and Anticalins [46-48]. The increased 

tumor specificity and contrast that these probes can provide over current clinically 

approved non-targeted agents should assist in allowing fluorescence guided surgical 

resection to demonstrate improved efficacy. Figure 1.4C illustrates the chemistry used to 

conjugate an Affibody molecule to the IRDye 800 CW maleimide. The three-helix 

stricture of the Affibody as well as the binding region (shown in green) can be observed 

in this illustration. 

It must be remembered that targeted probes will not necessarily be limited to 

those that mark cancerous tissue. As discussed previously there is a tremendous interest 

in marking sensitive tissue such as nerves and blood vessels so as to reduce accidental 

damage to these areas. Additionally, probes need not necessarily rely on conjugation to 

targeting ligands, but may in fact have built in specificity. There is a great deal of 

research in the area of activatable probes. These probes may remain quenched until 

activated by tumor specific environments such as low pH or specific proteases [49-56]. 

An interesting novel class of activatable probes  may be delivered via topical spray and 

these could alleviate a number of delivery problems including those associated with the 

blood brain barrier [57]. 
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1.4 Future Directions 

As fluorescence guided surgery moves forward and is utilized in the clinic for 

wider range of procedures, there are a number of areas that will be important for 

achieving the greatest efficacy. Minimal disruption to the operating room will likely 

allow an easier transition to the clinic. The use of real time image processing in order to 

produce more accurate and quantitative images will be important. We have already seen 

two systems producing images corrected for variations in tissue optical properties and 

this is likely an area that will see further work. It is clear that the ability to image multiple 

wavelengths will greatly enhance the versatility of these systems. This fact has been 

recognized by both commercial manufacturers and academic researchers. Whether this is 

achieved primarily through the use of multi-spectral imaging with LCTFs, multiple 

CCDs, internally filtered CCDs or high-speed filter wheels remains to be seen. While all 

of these arrangements enable spectroscopic imaging the time required to obtain multiple 

wavelength images can be substantial. Additionally, the images must be processed in a 

way that adds value to the surgeon and the time for this can also be substantial.  In the 

following chapters, many of these issues are examined and an optimal approach to 

molecular imaging of tumors is developed.  
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Chapter 2 Testing the EGFR-Affibody for Fluorescence Guidance in 

Neurosurgery 

2.1 Background: 

 Fluorescence imaging has shown tremendous potential in the rapidly expanding 

field of fluorescence-guided surgery and specifically neurosurgery [19,58-62]. The key to 

fluorescence guided surgical oncology is the ability to create specific contrast between 

normal and glioma tissue. This, together with a fluorescence-enabled surgical 

microscope, allows removal of molecular-defined portion of the tumor while at the same 

time minimizing removal of normal brain. The prognosis of patients suffering from 

malignant gliomas has been linked to the completeness of tumor removal and the ability 

to selectively mark tumor tissue with fluorescence has already shown promise to improve 

outcomes through reduced margins in surgical resection [6,9,63]. 

Fluorescent contrast enhancement of malignant gliomas was first reported on in 

1948 by Moore et al. where an injection of fluorescein was preferentially taken up by the 

tumor compared to the normal brain tissue as a result of the tumor’s disrupted blood brain 

barrier (BBB) [4] While the use of fluorescein continues to be examined today [64], the 

preponderance of research in the area of fluorescence guided neurosurgery has focused 

on the administration of 5-aminolevulinic acid (5-ALA), a natural precursor of 

protoporphyrin IX (PpIX) in the heme biosynthesis pathway [65,66]. PpIX is synthesized 

to a much greater extent  in high-grade gliomas with normal brain having extremely low 

concentrations [7,67] and the resulting fluorescence contrast has been used to reduce 

margins in surgical resection [9,68]. This approach, however, is not without its 
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limitations and one of the primary is that its maximal useful signal seems to be restricted 

to high-grade gliomas [69,70].   

2.2 Molecular targeting: 

One promising yet little explored method for differentiating tumor from normal 

brain tissue in surgical resection is the administration of fluorescently labeled targeted 

proteins. An important advantage of this over the simple administration of untargeted 

fluorescent tracers such as fluorescein or indocyanine green [71] is that it may provide 

specificity through the targeting of overexpressed glioma cell surface receptors. Contrast 

with this approach is governed largely by receptor-ligand affinity and receptor density 

rather than cellular metabolism as is the case in PpIX approaches [7,65,67] and as a result 

targeted fluorescence imaging will not suffer from the problem of reduced PpIX 

production encountered in low-grade gliomas. However, this approach is not without its 

own unique problems, one of which is the difficulty in establishing receptor status prior 

to any initial surgery. Additionally, the dye-protein conjugates, which are generally much 

larger than 5-ALA or fluorescein, may be too large to adequately penetrate tumor areas 

with a partially intact BBB.  Most agents will flow into areas of complete BBB 

breakdown, however, the distribution in areas of weakly compromised BBB is less clear.  

This may be an even greater problem in low-grade gliomas where breakdown of the BBB 

is less pronounced [72]. 

The BBB generally limits delivery of imaging agents to the normal brain, but in 

tumors this is typically compromised to an extent that allows for sufficient contrast in 

imaging of the bulk tumor. One area of concern, however, is that BBB breakdown is 
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often incomplete, particularly in newly formed areas of growth including micro-invasive 

regions [73-75]. The result is that exogenously administered agents tend to accumulate in 

the tumor interior where breakdown of the BBB is most complete, but not necessarily in 

the infiltrative edges where the BBB more closely resembles that of the normal brain [74-

76]. The heterogeneity in the breakdown of the BBB is believed to play a role in this 

variation. Delivery to areas with only partial BBB breakdown is of the utmost importance 

if these methods are to achieve clinical success.  

2.3 Preliminary Study 

2.3.1 Introduction 
 

As a preliminary investigation into this area, delivery of two promising targeted 

proteins – a full antibody and an Affibody, which have substantial differences in size and 

target affinity were compared in orthotopic human gliomas grown in a murine model.  In 

this study, two potential fluorescent cellular receptor-targeting agents of different size are 

compared in terms of their ability to mark the outer regions of glioma tumors. The 

hypothesis tested here is that smaller binding agents would better define the infiltrative 

edge of the tumor. The proteins are targeted to epidermal growth factor receptor (EGFR), 

a cell-surface receptor that is over-expressed in many human gliomas [77,78] However, it 

must be noted that EGFR is rarely over-expressed in low grade diffuse gliomas and this 

prevents it from being an optimal target for marking this type of tumor.  It must also be 

pointed out that, U251, is fact a high grade glioma and any specific problems associated 

with low grade gliomas and the use of targeted fluorescent probes will not be seen in this 

study. While low-grade diffuse gliomas present the most difficult category to treat they 
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are not the only type of glioma that could benefit from improvements in fluorescence 

contrast. High-grade gliomas for which PpIX fluorescence is most well suited may also 

benefit from the use of targeted fluorescent probes possibly as a tool to be used in 

combination with PpIX. Additionally, as more promising targets on low grade gliomas 

are elucidated, the present work may help to inform the development and testing of 

targeted proteins for these receptors. Integrin v3 is one such cell surface receptor that 

has already been shown to be overexpressed on low-grade gliomas [79]. In the present 

study, the penetration of the two proteins to the center and periphery of tumors was 

examined by fluorescent imaging of ex vivo brain slices collected from mice 1 hour after 

intravenous injection of the fluorescently labeled proteins.  

2.3.2 Materials and Methods 
 

Protein labeling 

 The smaller of the two proteins used to target EGFR, anti-EGFR Affibody 

(Affibody AB, Solna, Sweden), was diluted with phosphate buffered saline (PBS) at pH 

7.5 to achieve a concentration of 1 mg/ml. As per the manufacturer’s recommendations, 

the Affibody molecules were reduced by adding dithiothreitol (DTT, 20  mM) and 

incubated on a magnetic stirrer for two hours at room temperature. Excess DTT was 

removed by passage through a polyachrylamide 6000 desalting column (Thermo 

Scientific, Rockford, IL). Recovered protein was concentrated in a centrifuge using a 3 

kDa molecular weight cutoff (MWCO) column (GE Vivaspin 2,Pittsburgh, PA). At this 

point the Affibody was ready for binding with a fluorophore. The fluorophore, IRDye 

800CW maleimide (LI-COR Biosciences, Lincoln, Nebraska), was suspended in pure 



27 

 

water at approximately 2 mg/ml, and was added to the protein solution to achieve a 2.5 

molar excess of dye to protein as recommended by LI-COR. The Affibody-IRDye 

800CW solution was then incubated on a magnetic stirrer for approximately two hours at 

room temperature, excess dye was removed by passage through a desalting column and 

concentrated in the centrifuge using a 6 kDa MWCO column. A dilution made from the 

concentrated labeled Affibody solution was examined in a UV-Vis spectrophotometer 

(Cary 50 BIO UV-Visable spectrophotometer, Varian, Palo Alto, CA) to record the 

absorption spectrum from 220-800  nm. Protein concentrations and dye-to-protein ratios 

were determined using absorption values at 280 nm and 780 nm as described by LI-COR. 

All labeled Affibody solutions yielded dye-to-protein ratios between 0.65 and 0.73.  

 The larger of the two EGFR-targeted proteins, cetuximab (ImClone Systems, Inc, 

NewYork, NY) was labeled with the fluorophore, IRDye 680RD NHS ester (LI-COR). 2 

mg/ml of the cetuximab was added to a 5-mg/ml solution of the fluorophore suspended in 

DMSO to achieve a 3 molar excess of dye to protein as recommended by LI-COR. The 

cetuximab-IRDye 680RD solution was incubated on a magnetic stirrer for approximately 

two hours at room temperature. Excess dye was removed by passage through a 

polyachrylamide 6000 desalting column. The labeled protein solution was then 

concentrated in a centrifuge within a 50-kDa MWCO column (GE Vivaspin 2, Pittsburgh, 

PA). The absorption spectrum of the labeled cetuximab was recorded from 220-700 nm 

using the UV-Vis spectrophotometer to measure concentrations and dye-to-protein ratios 

(dye-to-protein ratios were between 1.74 and 1.87).  

 For all animal injections, cetuximab-IRDye680RD and Affibody-IRDye800CW 

are mixed together and injected simultaneously. In order to rule out the possibility of 
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binding between the two proteins, the Octet Red 96 (forteBIO, Menlo Park, CA), which 

uses biolayer interferometry to identify molecular binding was employed. Cetuximab-

IRDye680RD was captured on Protein A. Affibody-IRDye800CW was diluted to the 

same concentration used for all injections (0.05 uM) and allowed to mix with the 

immobilized cetuximab_IRDye680RD for approximately thirty minutes. No binding 

between the proteins was seen. 

Animal models 

 All animals were used in accordance with an approved protocol and the policies 

of the Institutional Animal Care and Use Committee (IACUC) at Dartmouth College. 

Twenty-six, six-week-old female nude mice were obtained from Charles River 

Laboratories (Wilmington, MA) and randomly separated into three experimental groups. 

Fourteen animals were used in a plasma excretion study and the remaining twelve 

animals were inoculated with orthotopic implantations of human glioma cell line, and 

either injected with a mixture of the two EGFR-targeted tracers (n = 6) or used as naive 

controls (n = 6). 

 An enhanced green fluorescent protein (EGFP) expressing human neuronal 

glioblastoma cell line, U251-GFP (supplied from Dr. Mark Israel, Norris Cotton Cancer 

Center, Dartmouth-Hitchcock Medical Center and transfected with GFP in our lab), was 

selected for implantation because it is a cell line known to over express moderate levels 

of the targeted receptor, EGFR [80,81]. Implantations were carried out under anesthesia 

(90:10 mg/kg ketamine:xylazine). A small incision was made in the scalp, exposing the 

landmarks on the skull, and a 1-mm rotary drill was used to create an access to the brain, 

2 mm behind the bregma and 2 mm to the left of the midline. Five hundred thousand 
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U251-GFP cells were injected at a 2 mm depth into the left cerebral hemisphere of the 

mice using in 5 µL of phosphate-buffered saline (PBS) using a Hamilton syringe 

(Hamilton Company, Reno, NV), guided by a non-digital stereotaxic frame fitted with 

tubing to allow isoflurane anesthesia (Stoelting Co, Wood Dale, IL). Based on the atlas of 

the adult mouse brain this places the tumor in the area of the dorsal nucleus of lateral 

geniculate body [82]. The cells were injected over a 5-minute period, after which the 

needle was slowly retracted from the brain. Bone wax (Ethicon, Inc, Piscataway, NJ) was 

used to close the hole in the skull while the incision in the scalp was closed using 

Vetbond (J.A. Webster, Inc, Sterling, MA) [83-85]. One week following tumor 

implantation, mice were placed on a non-fluorescent diet (Purified Mouse Diet, CAT NO. 

904606, from MP Biomedicals, LLC, Illkirch, France) and tumors were allowed to grow 

for two further weeks before carrying out fluorescent tracer experiments. 

Plasma clearance 

 The plasma excretion rates of cetuximab-IRDye680RD and anti-EGFR Affibody-

IRDye800CW were determined by monitoring the fluorescence in mouse blood for 24 h 

following intravenous injection of a mixture containing between 0.1 and 0.75 nmols of 

each protein tracers. At selected time points (all mice at 1 min and then at three additional 

time points within 24 h), approximately 150 μL of blood was collected via a 

submandibular bleeding technique using a 5 mm lancet (Goldenrod; MEDIpoint, 

Mineola, NY) into a vial previously rinsed with Heparin (Hospira, Lakeforest, IL). Three 

mice had pre-injection blood samples collected to enable determination of the 

autofluorescence spectrum. The blood samples were centrifuged and the resulting plasma 

layer removed for analysis on a fluorimeter (Fluoromax-3, Horiba Jobin Yvon, Edison, 
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NJ). Cetuximab-IRDye680RD was analyzed using an excitation of 620 nm over an 

emission range of 650–800 nm while anti-EGFR Affibody-IRDye800CW was analyzed 

using an excitation of 720 nm over an emission range of 730–900 nm. The baseline of 

each fluorescence spectra was determined by fitting a fourth degree polynomial and 

baselines were then subtracted from the spectra. The resulting spectra were then 

integrated over 10 nm at the fluorescent peaks. Autofluorescence was determined in the 

same manner using the pre-injection samples and the average integrated signal for 

autofluorescence was then subtracted from each sample. The 1 min post-injection blood 

sample was used to normalize fluorescence intensities and the resulting data was then fit 

to a bi-exponential decay. All calculations were performed using Matlab 2009a 

(Mathworks, Natick, MA) [86,87].  

Tracer uptake in tumor 

 To determine the relative uptakes of the cetuximab and Affibody based EGFR-

targeted tracers in an EGFR-expressing glioma, 0.1 nmol of each tracer was 

simultaneously injected intravenously into six of the twelve mice implanted with U251-

GFP tumors. At 1 h post injection mice were euthanized by cervical dislocation under 

ketamine-xylazine (90:10 mg/kg IP) anesthesia. The one hour time point was chosen for 

its potential future clinical feasibility in guiding surgical resection. Brains were extracted, 

covered in optimum cutting temperature (OCT) medium (Tissue Tek®, Sakura Finetek 

USA, Inc., Torrance, CA), snap frozen at -60°C in methylbutane and dry ice, and stored 

at -80°C until used for sectioning. The six control mice were treated the same as the 

others except that they were not injected with the cetuximab and Affibody. This provided 

a means of investigating the level of autofluorescence in tumor and normal brain tissue 
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(i.e., fluorescence in the absence of any injected dyes). One mouse from the group 

injected with the two proteins failed to grow an observable tumor, leaving five mice in 

that group. 

Tissue Sectioning and Imaging  

 Tissue sections (10μm in thickness) were prepared on a cryotome (CM 1850, 

Leica Microsystems, Richmond, IL), placed on glass slides (Pre-cleaned Gold Seal Rite-

on Micro Slides, Gold Seal Products, Portsmouth, NH) and stored at -80°C. Fluorescence 

from GFP in the frozen sections was imaged on the Typhoon 9410 Variable Mode Imager 

(GE Healthcare, Milwaukee, WI) at 25-micron resolution (488 nm excitation, emission at 

500-540 nm). Comparison of GFP-expression with a sampling of adjacent hematoxylin 

and eosin (H&E) stained tissue sections confirmed that GFP signal accurately outlined 

tumor regions. Tissue sections were then scanned on the Odyssey Infrared Imaging 

System (LI-COR Biosciences) at 21-micron resolution with a gain of 9.0 selected in both 

the 700 and 800 nm channels. These settings provided adequate signal without saturation, 

allowing for the quantification of the level of the cetuximab and Affibody tracers. 

Between 30 and 60 tissue slices were examined from each mouse. 

Protein concentration quantification 

 Protein concentrations at the tumor edge, tumor interior and over the whole tumor 

were quantified from Odyssey fluorescence images using Equation 2.1: 

       

2.1     
xx

xx
x

DPcal

AF
protein




   

 



32 

 

where Fx represents fluorescence of the select region at x = 700 nm or x = 800 nm for the 

cetuximab and Affibody tracers, respectively; Ax is the average autofluorescence level at 

700 or 800 nm measured from the brain slices of control animals in the corresponding 

region (tumor edge, tumor interior or whole tumor); DPx is the dye-to-protein ratio of the 

corresponding tracer; and calx is a fluorescence to dye concentration calibration factor for 

the each tracer. The calibration factors for the two tracers were determined by carrying 

out serial dilution experiments on Odyssey system. 

 

Image analysis 

 The Odyssey fluorescence images were scaled using bicubic interpolation to 

produce the same 25 μm pixel size recorded using the Typhoon. All three sets of images 

were then aligned using a combination of manual point selection and automated cross 

correlation in Matlab R2009a (Mathworks, Natick, MA). Approximately one out of every 

ten slides was viewed using ImageJ (National Institute of Health) to verify coregistration 

accuracy.  

 Tumor segmentation was carried out using a GFP threshold; i.e., all pixels having 

a GFP signal greater than three standard deviations above the mean of the contralateral 

region were regarded as tumor and all those below being regarded as normal brain. The 

outer two pixels or 50 µm of each tumor was defined as the tumor edge while the tumor 

interior was defined as the region more than five pixels or 125 µm from the actual tumor 

edge. Only continuous regions of tumor with areas greater than 0.625 mm
2
 were used in 

this sub-analysis.  

 



33 

 

Statistical analysis 

 For comparison purposes the means and standard deviations of the signals at both 

channels were calculated for each examined region as well as for all metrics used. These 

are reported as: mean ±  standard deviation, throughout the manuscript. 

 Statistical analysis was performed using R version 2.15.1 from the R foundation 

for statistical computing. Welch Two Sample t-tests were performed  to determine 

statistical significance in the parameters related to differences in signal from the Affibody 

and cetuximab channels in different regions of the tumor for the five protein injected 

animals. These parameters included the difference in Affibody protein fraction between 

the tumor interior and tumor edge as well as the differences in signal decrease from the 

tumor interior to the tumor edge for the two channels. A Welch Two Sample t-test was 

also used to determine the statistical significance of the difference in signal between the 

tumor regions and the contralateral regions in the non-injected control animals at both the 

700 and 800 nm channels.  
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Figure 2.1 Examination of Affibody and cetuximab distribution over the tumor region.  Signal from GFP 

outlines the tumor (A). H&E stain of the same tissue slice showing the structural differences between the tumor 

area and adjacent normal tissue at times magnification (B). Tumor is outlined in red and area enclosed in the 

yellow box is shown at 20 times magnification in (C).  Fluorescent signal at cetuximab channel shows significant 

contrast in much of the tumor, but appears reduced around the edges (D). Fluorescent signal at Affibody 

channel shows significant contrast in the tumor and over a broader region of the tumor (E).  Fraction of signal 

from the Affibody channel is shown in (F) and demonstrates significant deviation in signal from the two 

channels at the edge and interior of the tumor. 

2.3.3 RESULTS 
 

 Figure 2.1 shows the GFP outlined tumor, H&E staining of the same tissue 

section and raw fluorescence at both the Affibody and cetuximab channels. The most 

striking observation of the Affibody and cetuximab maps is that on average cetuximab 

appears to be more confined to tumor interiors (Figure 2.1D), while the Affibody appears 

more evenly dispersed throughout the tumor (Figure 2.1E).  Maps of the percentage of 

signal from the Affibody channel (Affibody fluorescence/(Affibody fluorescence + 

cetuximab fluorescence)) reinforced this observation, illustrating a clear increase in 

Affibody at the tumor margins compared to cetuximab (Figure 2.1F). 

Control mice that received tumor implantations but no protein injections were 

used to determine background tissue signals. Tumor autofluorescence proved to be 
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significantly higher than the autofluorescence in the brain tissue at both the 700 and 800 

nm channels.(p = 0.011 and p = 0.005, respectively). This is demonstrated by the ability 

to localize the tumor somewhat based on autofluorescence alone at both channels (Figure 

2D & 2E). Autofluorescence signal was found to be most pronounced at the tumor 

interiors and lowest at tumor edges, with a fluorescence level of 1200 ± 130 and 610 ± 31 

in the tumor margin and 1400 ± 280 and 690 ± 80 in the tumor interior for the 700 and 

800 nm channels, respectively. The fraction of signal from the 800 nm channel, which 

can be contrasted with the Affibody fraction image seen for an injected animal in Figure 

2.1F, did not show any spatial pattern between tumor interior, tumor edge, or surrounding 

tissue (Figure 2.2F). 

 

 

Figure 2.2 Examination of autofluorescence at both Affibody and cetuximab channels over the tumor region.  

Tumor outlined by GFP signal (A). H&E stain of the same tissue slice showing the structural differences 

between the tumor area and adjacent normal tissue at 8 times magnification (B). Area enclosed in the yellow box 

is shown at 20 times magnification in (C).  Autofluorescence at both the cetuximab channel (D) and the Affibody 

channel (E) show significant contrast between tumor and non-tumor regions with autofluorescence greatest at 

the tumor center. No significant change between tumor interior, tumor edge and non-tumor area is seen for the 

fraction of signal at the Affibody channel  (F). 
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The apparent spatial differences in Affibody and cetuximab uptake in the tumors (i.e., 

that the Affibody appeared to penetrate the margins of the tumors better than the 

cetuximab) were quantified by dividing the signal from each tumor into an edge region 

and an interior region as described in the Materials and Methods section. A graphic 

illustration of this delineation is presented in Figure 2.3, where both the tumor edge 

(Figure 2.3B) and tumor interior (Figure 2.3C) masks are shown alongside the entire 

segmented tumor (Figure 2.3A). Raw signals from these regions as well as from a 

contralateral region were collected from all five injected animals, as well as the six 

control animals and are plotted in Figure 2.4. This analysis demonstrates that the signal 

from both tracers decreased from the tumor interior to the tumor edge, however, the 

decrease was significantly larger for the cetuximab tracer for which signal dropped an 

average of 50 ±  5% vs. the Affibody tracer for which signal dropped only 31 ±  7% (p = 

0.002).  

 

 

Figure 2.3 . Illustration of procedure used in region analysis.  Tumor is segmented using GFP signal (A). The 

outer 50 µm edge of the tumor is separated from the rest of the tumor (B) and the inner portion of the tumor at 

a distance greater than 125 µm from the edge is also separated (C). Scale in (B) and (C) show fraction of signal 

at Affibody channel. 
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The conversion from raw signal to estimated protein concentration allowed delivery of 

the proteins to different regions of the tumor to be compared. In order to quantify this 

comparison the concentration of Affibody as a percentage of total protein concentration 

was determined for each region of the tumor. The results can be seen in Figure 2.5. While 

on average the overall delivery of Affibody to the tumor was nearly identical to that of 

cetuximab, there was a distinct increase in the Affibody protein fraction in the tumor 

edge compared to the tumor interior. This increase was observed in all animals and 

ranged from approximately 40% to 65%. On average the percentage of Affibody to total 

protein in the tumor interior was only 45 ± 5%, while at the tumor edge the fraction of 

Affibody was 72 ± 11%. (p = 0.003)  

 

 

Figure 2.4 Comparison of raw fluorescent signals.  Raw fluorescent signals from various regions shown at both 

cetuximab channel (left) and Affibody channel (right) using box and whisker plots. Signal from injected animals 

are offset to the left while those from non-injected control animals are offset to the right with boxes shaded. The 

central lines are the medians, the edges of the boxes are the 25th and 75th percentiles and individual data points 

are plotted as open circles. 
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Figure 2.5  Comparison of protein concentrations in different regions of the tumor.  Concentrations are 

calculated as described in Equation 2.1. The percentage of protein that is Affibody is shown for the whole tumor, 

tumor interior and tumor edge using box and whisker plots. The central lines are the medians, the edges of the 

boxes are the 25th and 75th percentiles and individual data points are plotted as open circles. 

 To fully understand the delivery characteristics of both tracers, plasma excretion 

curves were measured for both cetuximab-IRDye 680RD and anti-EGFR Affibody-

IRDye 800CW and a bi-exponential decay equation was fit to the data (Figure 2.6) 

[88,89]. The plasma clearance for cetuximab was found to be significantly slower than 

for the Affibody with decay constants of 0.03 min
-1

 and 0.0003 min
-1

 for the cetuximab 

clearance, compared to 0.05 min
-1

 and 0.002 min
-1

 for the Affibody clearance. At the 1 h 

time point of interest in this study approximately 66 ± 15% of the Affibody present one 

minute following injection was cleared from the blood, while only 37 ± 24%  of the 

cetuximab present one minute following injection was cleared from the blood. 
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Figure 2.6 Comparison of plasma excretion for the two proteins.  Plasma excretion data with error bars and bi-

exponential curve fits to the data are shown for cetuximab-IRDye 680RD (left) and Affibody-IRDye 800CW 

(right). Curve fit equations are also shown where FL is fluorescence intensity. R-squared values of 0.71 and 0.90 

for cetuximab and Affibody fits respectively. 

2.3.4 Discussion 
 

 The injection of fluorescent tracers targeted to molecular receptors over-expressed 

in tumors, such as EGFR, provide a promising means of improving tumor contrast during 

surgical resection. The great potential of tumor receptor targeting for both diagnostic and 

therapeutic applications has led to the development of a number of potential agents that 

can be used to target specific receptors, all of which can vary greatly in size, lipophilicity, 

charge, and target affinity [46,90,91]. The choice of the optimal tracer for a specific 

application is not as simple as just choosing the agent with the highest targeted affinity 

since many other factors, such as vascular permeability, lymphatic drainage, and plasma 

clearance, also influence the delivery and retention of targeted imaging agents. In this 

study, the uptake distribution of two promising EGFR targeted tracers, each having 

considerably different physical properties were compared in an orthotopic glioma model 

in athymic mice. The first tracer was a monoclonal antibody, cetuximab, which has a 

high affinity for EGFR with a KD of 0.1 nM [92,93]. While this would presumably 
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increase the likelihood of retention, cetuximab is also quite large (152 kDa), [43] which 

could hinder its ability to perfuse out of the vasculature and into the tumor, especially in 

areas of only partial BBB breakdown [74]. The second tracer was an anti-EGFR 

Affibody, which is considerably smaller in size (6.7 kDa), but also has a significantly 

lower affinity for EGFR with a KD of 2.8 nM [48,94]. The purpose of this study was to 

determine which of these tracers would provide inherently better tumor contrast in the 

context of fluorescence guided resection of gliomas, wherein the integrity of the BBB 

may play a significant role in regulating the perfusion of the tracers out of the vasculature 

and into more invasive regions of the tumor margins [73-75]. This was carried out by 

labeling the cetuximab and Affibody with different fluorophores, mixing them in equal 

protein concentrations, and injecting them simultaneously into mice inoculated with an 

orthotopic human U251 glioma grown in the left cerebral hemisphere.  

On average, nearly equal concentrations of cetuximab and Affibody were 

measured in the tumors at 1 h post-tracer injection; however, an analysis of the spatial 

distribution of both proteins demonstrated that there was significantly more Affibody 

than cetuximab present in the outer edges of the tumor (roughly twice as much Affibody 

as cetuximab was found in the outer 50 µm of the tumor). These are especially interesting 

results since cetuximab is known to have a 30 times greater affinity for EGFR than anti-

EGFR Affibody and was seen to remain in the plasma significantly longer than the 

Affibody (Figure 2.6). Greater time in the blood would result in greater delivery to the 

tumor if the extravasation characteristics of the two proteins were the same. Additionally, 

a higher affinity would result in greater tumor retention. It is believed that the nearly 

equal concentrations within the tumor is the result of the greater permeability of the 
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tumor vasculature to the smaller Affibody than to the larger antibody. In fact, using a 

two-tissue compartment model [95] to estimate the expected relative uptakes of 

cetuximab to Affibody based on the measured plasma curves and their theoretical 

affinities for EGFR, with all other parameters being equal, the cetuximab concentration 

was predicted to be about 4 times higher than that of the Affibody. The fact that this was 

not the case suggests that the relative differences in vascular permeability between the 

two proteins played a significant role in their delivery to the tumor regions, particularly 

along the tumor edge. It should be noted that the administered doses are low enough that 

receptor saturation or competitive binding between the Affibody and cetuximab is not 

expected [96].  

 The presumed differences in vascular permeability between the Affibody and 

cetuximab in the tumor interior compared to the tumor edge are in conjunction with 

expected differences in the extent of the breakdown of the BBB in these areas.  

Breakdown of the BBB is generally less complete in newly formed regions of the tumor 

such as the infiltrative edge [73-75] and the Affibody protein fraction was most likely 

higher in these regions owing to the substantially smaller size of the Affibody (~ 7 vs. 

150 kDa). The Affibody’s superior delivery to the tumor edge is an important finding in 

the context of fluorescence guided surgical resection as it is the tumor edge that tends to 

be the most difficult to differentiate from normal tissue and any tracer that better marks 

these areas has a distinct advantage [8,65]. Presumably this would also be true for 

isolated glioma cells; however, this was not investigated in the present study as the 

orthotopic injection of glioma cells results in limited tumor cell diffusion making it 

difficult to examine isolated groups of cells. The extent to which the relative increased 
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delivery of Affibody to the tumor edge was the result the Affibody’s greater vascular 

extravasation in those regions vs. that which was do its presumed higher rate of diffusion 

was not examined here. However, this is certainly an important question that must be 

addressed in future studies considering the clinical situation in which distance are such 

that diffusion may not play a significant role in delivery [97,98]. While there are 

numerous factors affecting tracer delivery, the apparent importance of size certainly 

suggests that it would be worth examining the performance of other small targeted 

proteins. The most obvious is the natural ligand to EGFR, epidermal growth factor 

(EGF). EGF is of similar size and affinity to the Affibody [96,99], however, a primary 

advantage of using proteins such as the Affibody or cetuximab is that, unlike EGF, they 

do not activate the EGFR signaling pathway, which could incite tumor growth 

[91,100,101]. In addition to Affibodies, there is a large number of other engineered 

targeted protein alternatives to full sized antibodies. These include antibody fragments 

[46] as well as other non-immunoglobulin derived  proteins such as DARPIins and 

Anticalins [46,47]. Each of these classes of proteins should be considered for their 

potential use as tracers given the current findings. 

 The possibility of further modification and optimization of the Affibody used in 

the present study should also be considered. Affibody plasma clearance could be 

increased through chemical modification and binding affinity might be enhanced through 

improved protein engineering designs. Affibody dimers are available as imaging agents 

with a near two fold improvement in binding affinity due to this bivalency [94]. Despite 

the fact that dimers would likely have a more difficult time penetrating areas with a more 

intact BBB, their size is still an order of magnitude below that of antibodies. While the 
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longer plasma half-life of cetuximab allows for greater tumor uptake it also increases 

background signal due to its greater concentration in the blood at the time of imaging. 

Any attempts to increase tumor uptake of Affibodies through extending plasma half-life 

would have to consider this tradeoff. Increased time between injection and imaging may 

also improve signal-to-background ratios and certainly should be considered moving 

forward. 

2.3.5 Conclusions 
 

 The present study quantified significant differences in delivery to the margins of 

orthotopic human glioma xenografts between two fluorescently labeled EGFR targeted 

proteins. While cetuximab and Affibody had nearly identical concentrations within the 

tumor, the concentration of the cetuximab tracer was more confined to the interior of the 

tumor where BBB breakdown is more complete. The smaller Affibody, with a nearly 30 

times lower affinity and a shorter plasma half-life, was found in concentrations more than 

double those of cetuximab in the tumor periphery. The equal or higher abundance of the 

Affibody compared to cetuximab, particularly along the edges of the tumors was likely a 

result of the incomplete breakdown of the BBB and the size difference between the two 

proteins. These results suggest that the size of a targeting agent (the Affibody is only 6.7 

kDa compared to cetuximab which is 152 kDa) may be a more important parameter than 

target affinity when choosing an imaging agent for providing delineation of tumor 

boundaries during fluorescence guided surgery in neurological oncology. This finding is 

important for the further investigation and development of fluorescent tracers that are 

optimized for marking of the tumor periphery. Small, fluorescently labeled proteins with 



44 

 

high affinity to tumor receptors show considerable potential for aiding in surgical 

visualization and the targeted Affibody examined shows excellent potential for EGFR 

positive tumor targeting. 

2.4 Continued Evaluation of EGFR targeted Affibody-IRDye 800CW 

 The work described here suggests that targeted Affibodies conjugated to NIR 

fluorophores may show greater promise as markers for surgical guidance in glioma 

resection than full sized antibodies. However, one must keep in mind that this study was 

done using ex vivo frozen tissue sections scanned on an extremely sensitive system that 

uses solid-state laser diodes for illumination and avalanche photodiodes for fluorescence 

detection. The components that make up this imaging system as well as its configuration 

are vastly different than what one would require in an actual surgical setting. The ability 

of either of these probes to successfully mark glioma tissue in a realistic surgical 

environment was not examined. However this makes for an obvious next step and in 

Chapter 7 the pulsed imaging system, which is introduced in Chapter 4, will be used to 

further evaluate the EGFR targeted Affibody-IRDye 800CW conjugate as a probe for 

fluorescence guided neurosurgery.  
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Chapter 3 Fluorescent Molecular Imaging 

3.1 Background 

Cancer cells often over express certain cell surface receptors and there has been 

tremendous interest in the exploitation of this feature to specifically target tumor cells 

with therapeutics. Levels of expression, however, can vary considerably between 

individuals with the same cancer type and so makes a one treatment fits all approach 

unfeasible for targeted therapies.  A tumor cell with a medium receptor expression level 

might contain 10
3
 – 10

4
 receptors per cell, whereas a cell with very high receptor 

expression could have up to 10
5
-10

6
 per cell [36,102]. The concept of individualized 

medicine has come about in some sense to combat this problem of extensive variation in 

expression levels and to essentially treat each patient differently depending on the 

molecular markers of their specific pathology. At present the specific molecular signature 

for each cancer is determined through tissue biopsy and immunohistochemical staining 

and or fluorescence in situ hybridization (FISH) analysis of the gene expression for that 

receptor protein [103]. A classic example of this is analysis of HER2/neu expression to 

determine the treatment regime for women with breast cancer.  The results of the specific 

assays are used to inform which treatment options stand the greatest chance of success 

[104,105]. There are a number of problems with this approach, with the most obvious 

being the invasive nature of tissue biopsy. Biopsy is essentially a surgical procedure and 

as such the cost is non-trivial. Another important consideration is the concern as to the 

possibility of increased risk of metastases from the biopsy itself [106]. Additionally, 
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biopsies sample only a very small area of tissue and it is known that molecular expression 

levels can have substantial heterogeneity within the same tumor.  

In an attempt to alleviate these concerns and provide a more robust and non-

invasive measure of expression levels there has been increased interest in what is termed 

molecular imaging. Molecular imaging encompasses a number of different imaging 

modalities but in terms of ascertaining molecular expression levels in certain types of 

cancer one of the most promising technologies is fluorescence imaging. At its most basic 

level the concept consists of administering a targeted probe and then imaging at some 

later time point with the idea being that there will be increased signal in the areas where 

the probe binds and thus fluorescence measurements will give you some idea of binding 

and hence expression levels. There are, however, a number of problems with this 

simplistic view, namely that it does not account for variable delivery rates to tissue 

(stemming from regional variations in hemodynamics) or for non-specific uptake in 

tissue, which can vary considerably as a result of the enhanced permeability and retention 

(EPR) effect in tumors [5,36].  

As researchers try to circumvent these problems, the most simplistic approach is 

to extend the time between the administration of the fluorescent probe and imaging. The 

idea is that after some longer time period all unbound probe will wash out leaving only 

bound probe. However, this not entirely true and this approach still suffers from a number 

of problems. Even after some extended period of time there may still be substantial signal 

from non-specifically bound probe. The extent of this signal will still depend on the level 

of non-specific binding as well as on tissue uptake and clearance, neither of which have 

anything to do with target receptor concentration. Additionally, the level of bound probe 
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will still be dependent on initial delivery to the tissue. This approach can also be difficult 

to implement from a clinical standpoint as it means that the patient will have to be 

administered the drug one day and then most likely imaged on the following day. The 

exact optimal time between probe administration and imaging will depend on properties 

of the probe (i.e. target affinity, plasma clearance, etc.), but for antibody-fluorophore 

conjugates 24 to 48 hours is often used. At its root the most basic problem is that present 

imaging technologies do not allow for the differentiation between signal due to specific 

receptor binding and that due to non-specific uptake. There is considerable interest and 

research into the development of activatable probes to allow for this type of 

differentiation. However, at present no probes exist that are activated solely by specific 

binding, rather most activatable probes remain self-quenched until cleaved or activated 

by some tumor specific environment, which can include low pH or the presence of 

specific proteases [49-56]. The caveat for these type of activatable probes is that they are 

operated on by molecules which are not always localized in the cancer cells themselves, 

but can diffuse from the tumor, and once activated the activated molecules can also 

diffuse further.  This leads can lead to considerable uncertainty as to the location of the 

activated agent relative to the true tumor margin or actual tumor cells. That being said 

there is still much research and activity in this area and these approaches may eventually 

translated to the clinic once suitable probes are validated. 

Positron emission tomography (PET) brain imaging faced similar problems, but 

was able to develop techniques that have allowed quantitative assessment of 

neurotransmitter presence in specific regions of interest. The problem of delivery is 

addressed by using the uptake of the probe in a separate tissue region that lacks the 
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specific receptor (“reference tissue”) as a surrogate for the arterial input function [36,107-

109].  Unfortunately, this technique is unable to be directly implemented in fluorescence 

cancer imaging. The selection of a reference tissue requires that the tissue be devoid of 

the receptor of interest and also that it have similar vascular permeability and non-

specific uptake as the region of interest. The biology of cancer makes it impossible to 

select a suitable reference tissue given these requirements as tumors generally have 

irregular hemodynamics [110], leaky vasculature, and ineffective lymphatic drainage that 

lead to substantial non-receptor-mediated uptake and retention [110].  

A final practical issue for the imaging of receptors is a thorough understanding of 

the native in vivo concentrations.  As previously discussed, the highest level of over-

expression of a particular receptor in a tumor is in the range of 10
5-

10
6
 receptors per cell. 

Average cell densities can vary considerably between tumor types but maximum 

densities over several tumor lines have been reported to be in the range 5 x 10
4 

cells per 

mm
3
 [36,111]. This would put the maximum receptor concentration at around 5 x 10

11 

receptors per mm
3
 [36,111]. Thus, at the very highest, receptor concentrations are about 

1.0 µM, but could be significantly lower.  In vivo imaging of receptor concentration is 

really in its infancy and there are few methods to provide reliable estimates of this.  The 

ability to quantify receptor concentration in vivo and through imaging this is the focus of 

this chapter. 
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3.2 Reference Tracer method for imaging receptors in vivo 

3.2.1 Introduction 
 

A novel reference tracer technique has been developed by the research group at 

Dartmouth, which is based on the PET reference tissue model, but utilizes the 

simultaneous administration of two distinct fluorophores, one targeted and one non-

targeted, and allows for the quantification of receptor density within cancerous tissue 

[36]. The ability to separate fluorescent dyes allows for the use of a reference tracer, i.e. a 

non-targeted dye, in the place of a reference tissue. In order for the model to hold, similar 

assumptions to those made in the PET reference tissue model must be valid. Specifically, 

the uptake kinetics between the two dyes must be the same or very similar. The same 

tissue is used in this instance so the validity of this assumption defers to the properties of 

the tracers. The tracers must display similar plasma clearance curves and also have 

similar tissue extravasation rates. In addition levels of non-specific binding must either be 

low enough that they do not effect transport at the time scale of interest or similar enough 

between the two tracers so as to be irrelevant. Ideally the two tracers used would be 

essentially the same except that one would have specific binding and the other would not. 

While this is not exactly possible, it is possible to select two tracers with fairly similar 

properties but one of them targeted and the other non-targeted. The method was verified 

using human epidermal growth factor (hEGF) conjugated to IRDye 800CW (LI-COR 

Biosciences, Lincoln, NE) as a targeted tracer and IRDye 700DX carboxylate (LI-COR 

Biosciences, Lincoln, NE)  as a non-targeted reference tracer [36]. The details of this 

study from Tichauer et al. are contained in Chapter 3.2. The technique was also employed 
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for magnetic resonance imaging (MRI) guided tomography where EGFR targeted 

Affibodies conjugated to IRDye 800CW were used as the targeted agent and non-targeted 

negative control Affibodies conjugated to Alexa Fluor 750 were used as the reference 

tracer [102]. 

The reference tracer method is able to determine levels of receptors available for 

binding within tissue. It has also demonstrated the ability to provide increased contrast to 

noise levels at relatively early time points (in the vicinity of one-hour post injection). 

However, one severe drawback to this method from the standpoint of surgical guidance is 

that it requires the continuous monitoring of tissue uptake for both tracers immediately 

following injection out to tens of minutes [112]. This is not practical for surgical 

procedures. However, a simplified version of this approach was developed by Tichauer et 

al. and has been shown to work reasonably well [112]. This technique or dual reporter 

ratio model does not require tracer uptake curves but rather simply looks at the ratio of 

the two tracers at any single time point and as such could be easily implemented during 

surgery. Use of this technique in surgery would only require that the surgical system be 

able to differentiate between the two fluorophores and provide real time image 

processing. Chapter 1 reviews a number of surgical systems in use and under 

development and it can be seen that the majority of these systems will easily meet these 

requirements.  

3.2.2 Binding Potential Study  
 

In order to test the ability of the reference tracer method to accurately quantify 

receptor expression in vivo animal studies were carried out in which the EGFR 
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expression levels of four different tumor lines were determined using this method and 

compared to known expression levels for these tumor lines.  Human EGF (hEGF) bound 

to IRDye 800 CW was used as a targeted probe while and IRDye 700DX carboxylate was 

used as the untargeted probe. Immunodeficient mice were implanted with one of four 

different tumor lines known to express varying levels of EGFR. Following 

sufficient tumor growth the mice were injected with the two probes and the uptake 

was imaged for a period of one hour using the LI-COR Odyssey near-infrared 

fluorescence scanner. The in vivo availability EGFR for binding was quantified in all 

tumor groups using the reference tissue method and the results were validated against 

expected receptor density determined from separate ex vivo and in vitro techniques. 

3.2.3 Mathematical Compartment Modeling of the Tracers  
 

Distribution of the two tracers was modeled using a two-tissue compartment 

model and the simplified solutions introduced by Lammertsma et al. [109] and Logan et 

al. [108]. The concentration of the targeted probe in a region of interest was modeled as a 

sum of the concentration of the reporter in the blood (Cp), the unbound and/or non-

specifically bound concentration in the interstitial space (Cf) and the specifically bound 

concentration (Cb). The concentration of the untargeted probe is modeled as a sum of the 

same blood plasma concentration (Cp) and the unbound and/or non-specifically bound 

concentration of the in the interstitial space (Cr). A graphical depiction of the 

compartments as well as the rate constants describing transfer between them can be seen 

in Figure 3.1. These relationships can also be expressed by the following equations: 
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3.1          ( )     ( )    ( )    ( )    

     

3.2           ( )    ( )    ( )    
  
 

where ROIT(t) and ROIUT(t) are the measured concentrations of the targeted and 

untargeted reporters in the regions of interest, respectively, as a function of time, t. First-

order kinetics are used to model the exchange rates of the probes between compartments 

(see Figure 3.1for the relevant rate constants). The resulting differential equations as well 

as their solutions are clearly presented by Tichauer et al. [36] and so will not be repeated 

here. A key assumption in this work is that the vascular permeability kinetic constants 

would be the same or similar for the targeted tracer (K1 and k2) and the untargeted tracer 

(K’1 and k’2). The solution to the compartmental model allows for the determination of 

binding potential (BP), which is a linear function of the number of available receptors 

(nR) and target affinity (Ka), such that BP = nR * Ka.  Through this solution it is further 

shown that this is mathematically equivalent to the ratio k3/k4. Provided that the affinity 

of the tracer is known this enables binding potential to serve as a measure of available 

receptor concentration. In addition to providing a quantitative measure of available 

receptor concentration binding potential images also demonstrate improved 

differentiation between tumor and surrounding tissue. 
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Figure 3.1 Compartmental model detailing the regions that are examined during dual tracer imaging as well as 

the rate constants describing transfer between them. The area surrounded by the blue dashed line represents the 

reference tracer region, which is composed of a portion of the blood compartment as well as the extravascular 

free space. The area surrounded by the red dashed line is that of the targeted tracer and is composed of a 

portion of the blood compartment, the extravascular free space and the bound space where the tracer is 

specifically bound. Imaging is not able to differentiate individual compartments but only the areas surrounded 

by the dashed lines, and so compartment modeling is often employed to determine mathematical ways to 

separate the signals from these spaces [36]. 

3.2.4 Summary and Discussion 
 

White light and fluorescence images of a typical EGFR+ A431 tumor at 60 minutes post 

injection are shown in Figure 3.2. It is clear that at this relatively early time point (1 hr. 

post injection) there is no obvious heightened fluorescence signal within the tumor region 

at either channel. In fact, the tumor actually shows substantially lower signal than the 

surrounding tissue, even though we know this tumor should positively bind the anti-

EGFR p. However, there are clear differences in uptake curves between the tumor lines 

as well as an increase in separation of these curves between the two tracers, which 
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correlates with expected EGFR expression. The uptake curves as well as model fits are 

presented in Figure 3.3.  Figure 3.4 presents sample images from each tumor line for the 

700 and 800 channels as well as the resulting BP maps.  

 

 

Figure 3.2 White light and fluorescence images of tumor.  White light image of an EGFR+ tumor (A431) is 

shown in (a). Normalized fluorescence images of untargeted and targeted tracers at 1-hour post injection are 

shown in (b) and (c) respectively. It can be seen that the tumor region actually displays reduced fluorescent 

signal for both tracers as compared to the surrounding tissue. (Tichauer et al. [36]) 
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Figure 3.3 Typical fluorescence uptake curves of targeted (red circles) and untargeted (green “x”) tracers for 

blocked U251, 9L-GFP, U251, AsPC-1, and A431 tumors are presented in a–e, respectively. These curves 

correspond to the specific tumors maps displayed in Fig. 4. The fluorescence in these curves is normalized to the 

maximum fluorescence in the targeted reporter within the 60-min window. The black dashed line in each 

subfigure displays the fit of the targeted reporter uptake curve using the dual-tracer model. (Tichauer et al. 

[36]) 
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Figure 3.4 Fluorescence images from the two tracers at 1 hour post injection and the corresponding binding 

potential maps. The tumor lines are ordered to represent the expected levels of EGFR availability, with 

availability increasing from the top to the bottom. The first column displays typical fluorescence uptake of the 

untargeted tracer in the tumor region and surrounding tissue while the second column displays the same for the 

targeted tracer. These images were taken at 700 and 800 nm, respectively, using the LI-COR Odyssey scanner at 

60 min post-tracer injection. The units of fluorescence are arbitrary, and the scale is equivalent for both the 

targeted and untargeted fluorescence maps. The third column presents the binding potential (BP) maps of the 

corresponding tumors in the first two columns. These were calculated using the Logan graphical adaptation of 

the dual-tracer model. Binding potential is a unit less value proportional to receptor expression. (Tichauer et al. 

[36]) 

Box and whisker plots displaying average BP over the region of interest for each 

tumor line are shown in Figure 3.5a while corresponding fluorescence signal from the 

targeted tracer is shown in Figure 5b. The differences BP can be seen to correlate with 

expected EGFR expression levels for the different tumors while fluorescence signal from 

the targeted tracer does not. Tichauer et al. further showed that binding potential results 

correlated well with both in vitro and ex vivo analysis of EGFR expression levels. 
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Figure 3.5 Binding potential vs. targeted tracer signal. Boxplot of the binding potentials calculated from the 

average targeted and untargeted tracer uptake curves in each tumor is presented against tumor line in 

descending order of expected epidermal growth factor receptor expression (a). As a comparison, the 

corresponding box plot of targeted fluorescence tracer uptake in each tumor at 1 hr. post injection (b).  

(Tichauer et al. [36]) 

Compartmental modeling and the use of tracer uptake curves are able to provide a 

method of determining relative receptor concentrations between tissues. A more detailed 

analysis and discussion of the study summarized here can be found in the original 

publication by Tichauer et al. [36]. While the technique was successful in determining in 

vivo receptor expression levels as well as providing enhanced tumor contrast the reality is 

that it is not practical for fluorescence guided surgery. The technique requires 

continuous monitoring of uptake as well as fitting to the full time course, which is 

clearly not be possible in the context of surgery. 

3.2 Ratio Imaging 

The success of the dual tracer approach to both increase tumor contrast at early time 

points, provide a measure of receptor concentration and provide superior tumor 

discrimination with enhanced contrast to noise ratios has motivated further work in this 
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area with the goal of developing dual tracer techniques that are more applicable to use in 

fluorescence guided surgery. The idea of using the ratio of the signal from a targeted 

probe to that from a non-targeted probe has been explored previously [113,114].    

Following Equations 3.1 and 3.2 above 

 

3.1          ( )     ( )    ( )    ( )      

If the assumption is made that the non-specifically bound concentration of both the 

targeted and untargeted probes are equal, that is Cr(t) = Cf(t), then ROIUT(t) is identical to 

the first two terms of Equation 3.1 and: 

3.4    ROIT(t) = ROIUT(t) + Cb(t)   

So then simply dividing the two measured signals gives the following normalized 

expression for the concentration of bound targeted dye: 

3.5   Cb(t) / ROIUT(t) = ROIT(t)/ROIUT(t) - 1 

 

The use of a ratio imaging technique would be much more applicable to the 

context of fluorescence guided surgery and so Tichauer et al. explored the feasibility of 

this technique to provide enhanced tumor to background contrast at early time points. By 

20 minutes post injection the dual-reporter ratio approach demonstrated statistically 

significant correlation with the more robust in vivo measure of binding potential, which 

requires fitting the full time course of fluorescence uptake of both reporters [112]. The 

approach further provided images that could be used to discriminate between cancerous 

and healthy tissue with significantly better contrast-to-noise, specificity and sensitivity 
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than targeted fluorescence uptake alone [112]. The feasibility of imaging at early time 

points when concentrations are at peak vs. having to wait for non-specific signal to wash 

out (24 or 48 hrs  post injection) may provide the further benefit of enabling lower doses 

to be used. The requirements for FDA approval can be lower when only microdosing 

levels (discussed further in Section 3.3) are used and this could speed clinical approval of 

fluorescent probes [115,116].  

Despite significant promise, there are drawbacks to this approach and it may not 

be applicable in all situations. The technique requires that the plasma curves of the two 

tracers be substantially similar, although work is ongoing to use deconvolution methods 

if they are not or to use directly measured arterial input functions. At present there are no 

clinically approved targeted fluorescent tracers and the use of a reference tracer with 

substantially similar plasma kinetics would most likely require that two new tracers 

receive clinical approval. The cost and time involved in obtaining clinical approval may 

be prohibitive. Additionally, even if plasma kinetics could be incorporated into the 

model, allowing an approved agent such as fluorescein to be used as the non-targeted 

tracer, clinical approval would still be required for each targeted tracer. It must further be 

realized that in order for this technique to be used on a range of tumor types several 

different receptors would likely have to be targeted with each probe would require 

separate approval. However, this problem is true for any targeted imaging agent in 

general regardless of whether or not ratio imaging is employed. In addition to similar 

plasma kinetics the two tracers must also display similar tissue extravasation 

characteristics and depending on the particular application this may be a more difficult to 

attain. Extravasation out of the blood vessels is not only a function of charge, 
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lipophilicity and size of the tracer, but also of the vessels themselves. In the majority of 

cancers, tumor blood vessels are leaky with large fenestrations. This enhanced 

permeability should allow tracers with different properties (i.e. charge, lipophilicity or 

size) to more readily share similar extravasation rates [110]. However, this is not 

necessarily the case in brain tumors where, with the exception of some type of receptor-

mediated transport, breakdown of the blood brain barrier (BBB) is a pre-requisite for the 

tracer to enter the tumor [72,74]. BBB breakdown is often incomplete and the 

completeness of this breakdown may play a large role in extravasation rates between 

tracers of different sizes making the selection of tracers more critical (see Chapter 2) 

[117]. 

Despite the limitations and complexity of the dual tracer ratio approach there 

remains a number of substantial benefits. The insensitivity of the approach to motion, its 

ability to provide superior contrast over targeted raw fluorescence signal alone and the 

feasibility of imaging at earlier time points with lower doses make this a promising 

technique for fluorescence guided surgery and one that warrants further exploration. 

3.3 Microdosing 

A significant portion of this work focuses on the potential use of targeted tracers 

for FGS in cancer resection. Chapter 1 details a number of both commercial and research 

level imaging systems with the capabilities to image these new tracers and also provides 

some insight and background into the new generation of targeting proteins and NIR dyes 

available. Chapter 2 compares delivery of two epidermal growth factor receptor (EGFR) 

targeted tracers within an orthotopic murine glioma model and here in Chapter 3 the 
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potential of these tracers, with proper interpretation, to provide true molecular level 

imaging has been outlined.  

One significant hurdle to the use of this new generation of tracers is undoubtedly 

the strict and costly requirements needed to obtain clinical approval. As mentioned 

previously, if doses are low enough these requirements can be lessened, reducing both 

time and expense. The specific requirements for microdosing levels as well as the proper 

translation between human and animal doses will be discussed here. Testing of new 

compounds through microdosing  allows analysis through a phase 0 human trial, which 

has significantly decreased overhead as compared to a standard phase 1 trial.  

The successful use of knowledge gained through pre-clinical animal studies is 

critical to the design and implementation of successful and efficient clinical trials. The 

translation of dose from animal studies to the human equivalent dose (HED) has met with 

some confusion in the past as outlined by Reagan-Shaw et al [116] The animal dose 

should not be extrapolated to the HED by a simple conversion based on body weight.  

The most appropriate conversion of drug doses from animal studies to human studies 

uses the body surface area (BSA) normalization method as recommended by the Food 

and Drug Administration (FDA) [118].  BSA correlates well across several mammalian 

species with several parameters of biology, including oxygen utilization, caloric 

expenditure, basal metabolism, blood volume, circulating plasma proteins, and renal 

function [116]. 

The formula for converting between HED and animal dose requires utilization of 

both the weight and BSA of the species. Average weights, BSAs, and Km (weight/BSA) 
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for a number of species are presented in Table 3.1 as reported by Reagan-Shaw et al. 

[116]. 

Table 3.1 Average weights, body surface areas (BSA) and Km factors are presented for a number of species.  

These parameters are required in order to convert from animal dose to the human equivalent dose (HED) or 

vice versus. The Km factor is simply the weight of the species divided by its BSA. The formula for conversion is 

presented in equation 3.. (data from Reagan-Shaw et al. [116]) 

Species Weight (kg) BSA (m2) Km factor 

Human       

     Adult 60 1.6 37 

          Child 20 0.8 25 

Baboon 12 0.6 20 

Dog 10 0.5 20 

Monkey 3 0.24 12 

Rabbit 1.8 0.15 12 

Guinnea pig 0.4 0.05 8 

Rat 0.15 0.025 6 

Hamster 0.08 0.02 5 

Mouse 0.02 0.007 3 

 

The formula for converting between animal dose and the HED is presented in the below 

equation 

 

3.6                              (
    

  
)              (

    

  
)    

         

        
 

 

The correct conversion between animal dose and the HED is especially important for 

much of the work presented here as a Phase 0 clinical trial involving the use of anti-

EGFR Affibody – IRDye 800CW conjugates in glioma resection has been proposed and 

this trial would seek to utilize microdosing. Microdosing involves the administration of 

imaging agent or drugs at sub-pharmacological doses to human volunteers. A microdose 

is defined as 100th of the pharmacological dose (or predicted pharmacological dose) or a 
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maximum of 100µg. Microdose studies provide early pharmacokinetic data in humans 

while only requiring minimal preclinical toxicology safety testing [119]. 

The preclinical work explored here has been performed in part to determine if 

microdose levels of anti-EGFR Affibody – IRDye 800CW conjugates would be 

detectible in human gliomas using either the Pulsed system or the Zeiss Pentero surgical 

microscope. To this end the equivalent microdose levels for both rats and mice have been 

determined using the BSA normalization method described here. The results are 

presented in Table 3.2 below where the equivalent microdose level for mice is seen to be 

0.13 nmols. The culmination of this work will examine the effectiveness of anti-EGFR 

Affibody – IRDye 800CW conjugates to delineate tumor from normal tissue in an 

orthotopic murine glioma model using the pulsed imaging system. A dose escalation 

study (presented in Chapter 7) is performed where doses consisting of the minimum 

microdosing level of 0.13 nmols, 0.3 nmols, and 0.6 nmols are examined.  

Table 3.2 Microdose levels for various species.  The microdose level for an imaging agent used in humans is 30 

nmols. This level has been converted to the equivalent microdose level for both rats and mice using the formula 

presented in equation 3.. 

  BSA [m2] Weight [kg] Microdose [nmol] 

Human 1.6 60 30 

Rat 0.025 0.15 0.47 

Mouse 0.007 0.022 0.13 

 

3.4 Summary 

The principles outlined in this chapter point in the direction of allowing 
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quantitative imaging of receptors in vivo with the idea that receptor-based fluorescence 

imaging could be used to guide surgical resection.  Overexpressed cell surface receptors 

present in cancerous tissue can be targeted with fluorescent tracers and if injected at the 

appropriate dose can be localized through binding with this signal used to guide surgery.  

However, the transient delivery kinetics of any contrast agent confounds the ability to 

reliably image bound tracer directly. The technique introduced here in which both a 

targeted and reference tracer are injected simultaneously is one plausible way to do 

enable the imaging of actual binding.  There are other methods such as the use of 

activatable probes, but these generally would have to be considered enzyme level 

imaging, rather than receptor level imaging.  If the goal is to perform receptor level 

imaging, the ability to use of microdosing levels is clearly advantageous and may well be 

feasible given that receptor concentrations in vivo are largely below 1.0 µM. The ability 

to use fluorescent tracers at microdose levels and image them in vivo will be examined in 

Chapter 7 using the pulsed imaging system. 
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Chapter 4 Pulsed Light Imaging for Fluorescence Guided Surgery 

4.1 Background: 

 The first chapter provided a glimpse of the large number of the options available 

to designers of the next generation of imaging systems for fluorescence guided surgery. 

All of the factors discussed there were taken into consideration in the design of the pulsed 

light imaging system that will be described in the present chapter. The primary goal of 

the system was take advantage of the gating capabilities and extreme sensitivity of an 

ICCD to suppress background light signals and allow visible fluorescence imaging to 

take place in normal room lighting. The use of high-powered LEDs that are capable of 

being over driven will maximize fluorescence signal even at sub millisecond exposure 

times. The idea is that the minimization of workflow disruptions in the operating room 

(OR) will greatly enhance the probability that fluorescence guided surgery will find its 

way into the clinic. Further requirements included the ability to image multiple 

wavelengths with the primary fluorophores of interest being IRDye 800CW, IRDye 

680RD and PpIX.  The specific details of the system that was designed and built as well 

as the results of substantial testing and optimization are presented here. 

4.2 Advantages of Pulsed light 

A novel FGS system has been developed specifically for imaging under room 

lights, which exploits the use of pulsed excitation light and time-gated detection.  This 

approach has previously been used to suppress background signals for in vivo multi-

spectral fluorescence imaging [120-122]. Pulsed-light imaging can also increase the 

speed of image acquisition in surgical applications where excitation power is likely to 
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dictate the minimum acquisition time. Increased imaging speed is critical to enabling real 

time video rate imaging [120,121]. Additionally, increased excitation power results in 

greater sensitivity, which can be crucial to the success of these instruments. The 

theoretical framework behind the concept of pulsed light imaging and the advantages that 

this technique holds over standard continuous light imaging will be examined. 

The principle advantage of pulsed-light imaging is relatively simple; namely, that 

reducing acquisition time while maintaining the same radiant exposure reduces the 

contribution of background light in the signal.  The effect in turn maximizes the dynamic 

range of the imaging system to the fluorescence signal and enables real-time background 

subtraction [123]. This can be illustrated by considering the detected signal, Sd, in the 

presence of both the excitation source and background light: 

 

4.1                ∫         ( )     ∫      ( )    ∫   ( )    

 

where Eex is the irradiance from the excitation source, EA is irradiance from ambient room 

light, t is integration time, c, ε and Φ are the concentration, molar extinction coefficient 

and quantum yield of the fluorophore, respectively, and f  is some factor for non-specific 

signal resulting from excitation light. Figure 4.1A illustrates this principle by plotting Sd 

as a function of time for two systems, one which provides a fixed excitation irradiance 

and the other, a theoretical construct, which provides a fixed radiant exposure, H, where 

  ∫   ( )  , both in the presence of a constant background intensity. The detected 

signal includes the sum of contributions from excitation and background light which must 

remain below some maximum value in order for the system to avoid saturation (here 
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chosen to be 16-bits).  At the same time, the portion of the detected signal from the 

fluorophore must be sufficiently above the non-specific background signal produced by 

excitation light to provide acceptable contrast-to-noise ratio. The fact that non-specific 

excitation background signal (generally a combination of excitation light leakage and 

non-specific fluorescence) is a function of excitation power prevents an increase in 

excitation power from producing a directly proportional increase in contrast to noise. 

However, at the lowest fluorescence levels, the increased signal that results from a 

greater Eex may mean the difference between detection and loss of the desired signal 

within the noise floor. The tradeoffs are evident in Figure 4.1B where both the 

background subtracted signals and the sum of non-specific excitation background and 

noise for the two systems are plotted. The presence of strong background lighting 

prohibits the common solution of simply using longer imaging times to achieve adequate 

fluorescence signal. From a theoretical standpoint, the graph makes it clear that the 

optimum system provides just enough irradiance to remain just below saturation at the 

shortest possible acquisition times which both maximizes fluorescence to non-specific 

excitation background signal as well as minimizes imaging time. However, practical 

limits dictate the minimum exposure time of the camera as well as the maximum 

irradiance that the light source can provide.  
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Figure 4.1 Conceptual plots to illustrate the advantage of pulsed imaging and gated acquisition  for low level 

fluorescence detection in the presence of high background lighting.  (A) Detected signal vs. acquisition time for a 

standard CCD where excitation light remains constant (dashed blue), for an ICCD where excitation light 

increases proportionally as acquisition time decreases (red), and for ambient room light only with no excitation 

(pink). (B) Background subtracted signal vs. acquisition time for CCD (dashed blue) and ICCD (red) in the 

context of non-specific background signal and noise for both fixed radiant exposure, H (red shading outlined in 

solid red) and fixed irradiance, E (blue shading outlined in dashed blue). Note that signal differences have been 

exaggerated to enable easy visualization. 

Critical to maintaining radiant exposure as integration time decreases is the ability 

to produce light at increasing intensities. As discussed in Chapter 1.2.3 LEDs are fast 

becoming the light source of choice for wide field fluorescence surgical applications. 

This is a result of the narrow bandwidths they provide, the increasing wavelength options 

available and the relatively high power that they are able to produce. Additionally, when 

pulsed LEDs are capable of being overdriven and can provide significantly greater power 

than when operated in continuous mode. The extent that they can be overdriven depends 

on the LED as well as the pulse width and duty cycle. As excitation power is increased 

one must also be sure to maintain radiant exposure within safe limits for tissue. Safe 

tissue limits and the maximum permissible exposure (MPE) limits as prescribed by ANSI 

are discussed in detail in Chapter 5. 

The fast acquisition of pulsed-light imaging also holds promise for spectrally-

resolved FGS techniques under development for quantitative imaging [19]. Current 
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approaches, which require multiple images to construct a spectral image data cube, could 

be dramatically accelerated with this process. In recent years significant advances in light 

filtered microscopes have occurred which allow NIR and narrowband optical imaging 

[20,22]. The principles developed here for pulsed imaging are synergistic with these other 

filtering methods and could be combined to maximize signal to background ratios.  

4.3 Hardware and Software description 

The pulsed-light imaging system was designed as a prototype to explore the 

advantages of pulsed-light imaging. It has been designed for maximum versatility and 

with the understanding that as testing progresses changes will inherently be incorporated 

to maximize performance. The system consists of a PI-MAX 3-1024 x 256 camera (26 

µm pixel size) (Princeton Instr., Acton MA) attached to an articulating arm via a custom 

mounting plate.  The camera utilizes a UV Generation II intensified CCD (ICCD), which 

is able to achieve exposure times on the order of nanoseconds rather than the 

milliseconds typical of a standard CCD or EMCCD [4].  The use of the spectroscopy 

version of the PI-MAX 3 camera in these experiments not only resulted in lower 

resolution, but also in a lower frame rate, approximately seven frames per second (fps) in 

the absence of binning. Readout time from the ICCD is the primary limiting factor in 

regards to achieving the highest possible frame rates and the imaging version of the PI-

MAX III has considerably faster readout times. The imaging version can be mounted on 

this system and is capable of achieving frame rates of 56 fps with pixels binned to match 

the 26 µm pixel size of the spectroscopy camera and up to 140 fps when a 256 x 256 ROI 

is used. 
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Light received from the tissue is collected by a standard Canon mount digital SLR 

lens (currently a 70mm F2.8 lens from Sigma, Ronkonkoma NY) and then passes through 

an eight-position high-speed filter wheel (Edmund Optics, Barrington NJ) before being 

focused on the sensor. SolidWorks (Waltham, MA) was used for 3-D modeling of the 

system ensuring proper fit of components and enabling manufacturing of numerous 

critical assembly pieces and adapters. A 3-D model is presented in Figure 4.3. 

The setup enables efficient light collection from the lens and uses standard 1.0 in. 

diameter filters with the filter wheel providing the potential to image multiple 

fluorophores or perform multi-spectral imaging. The filter wheel holds 700 nm and 800 

nm interference filters with 40 nm FWHM (Omega, Brattleboro VT) for fluorescent light 

collection. Additionally, a 780 LP absorption filter ((FGL 780, ThorLabs, Newton, NJ) 

has been placed behind the 800 nm interference filters. Details of the large increase in 

efficiency that this provides are explained in Chapter 4.5. The filter wheel also holds 450 

nm, 550 nm and 650 nm interference filters with 40 nm FWHM (ThorLabs) to allow 

RGB color imaging. There is an additional 510 nm interference filter with 10 nm FWHM 

BP (ThorLabs) that allows for collection of green fluorescent protein (GFP) signal during 

animal experiments. Finally a 2.0 optical density (OD) filter coupled with a polarizing 

filter is used to allow collection of excitation light without requiring that LED intensity 

be lowered. It is important to maintain a constant LED intensity throughout all pulsed 

light experiments as the SpecBright LEDs used take upwards of 30 pulses to stabilize at 

any new intensity level.  

Surrounding the lens is an excitation light positioning system capable of holding 

up to eight SpecBright pulsed LED area lights (ProPhotonix, Cork, Ireland) to illuminate 
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the surgical field.  The system currently holds four 630 nm LEDs filtered with 1.0 in. 

diameter 650 nm short pass filters (Edmund Optics, Barrington, NJ) interspersed with 

four 740 nm LEDs with 1.0 in. diameter 750 nm short pass filters (Edmund Optics, 

Barrington, NJ). The 630 nm LED filter holders can be rotated and are also equipped 

with polarizing filters (ThorLabs) allowing them to be cross polarized with the polarizer 

contained in the filter wheel at the position of the 2.0 OD filter. This enables the 

collection of fluence images without specular reflection. The LEDs used provide wide-

field illumination with a reasonably narrow bandwidth and relatively high power, and in 

pulsed mode can be overdriven to ten times the maximum power achievable in 

continuous operation (provided the pulse is below 1 ms and the duty cycle is less than 

5%).  The spectrum as well as excitation illumination provided by the two sets of lights 

are displayed in Figure 4.2. An additional blue LED (455 nm) (M455L3, 1000mA, 

ThorLabs) is housed within a focusing lens (Fresnel lens) with a 457.9 interference filter 

with 10 nm FWHM BP (FL457.9-10, Thorlabs) in front of it and mounted to the plate. 

This LED allows for the efficient excitation of GFP while minimizing tissue 

autofluorescence. A schematic of the system is shown in Figure 4.3 while photographs 

are shown in Figure 4.4. 
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Figure 4.2 Pulsed system illumination.  (A) Normalized spectrum of 630 nm LEDs. (B) Illumination field 

provided by array of four 630 nm LED over driven at 10x power. (C) Normalized spectrum of 740 nm LEDs. (C) 

Illumination field provided by array of four 740 nm LED over driven at 10x power.  

 

Figure 4.3 (A) Schematic of Pulsed imaging system showing primary components and configuration. (B) 

Illustration of image acquisition wherein the camera is triggered twice for each LED pulse. (C) 3-D model of 

pulsed system created in SolidWorks. (D) System is controlled via a laptop computer and custom LabVIEW 

software. 
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Figure 4.4 (A) Photograph of pulsed imaging showing articulated surgical arm, balance system, camera and 

excitation mount, and box containing all electronics. (B) Photograph detailing camera, lens and LED array 

(note: blue 455 nm LED not attached in photo). 

 

All systems are controlled through custom LabVIEW (National Instruments, 

Austin, TX) software. Both the camera and the LEDs are triggered through a digital 

acquisition board (DAQ) (National Instruments, Austin TX), which allows the camera to 

be triggered on its own or at the same time as any one of the sets of LEDs (630 nm, 740 

nm or 455 nm). The LabVIEW software presents the user with a graphical user interface 

(GUI) that provides a number of imaging options. These include complete control of 

camera and LED settings. A screenshot of one of the LabVIEW front panel tabs is 

displayed in Figure 4.5. 
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Figure 4.5 Screen shot of LabVIEW front panel  for control of pulsed imaging system. 

4.4 Spatial Resolution 

The spatial resolution of the system using a 70mm lens (Sigma 70mm f2.8) at a 

working distance of 18cm was determined using a standard three-bar resolving power test 

target ( USAF-1951, NT53-714, Edmund Optics). Images were taken using the 700 

channel (700 nm 40BP emission filter) with white-light illumination from below as seen 

in Figure 4.6 (A). Cross sectional signal intensity profiles in the horizontal direction were 

examined for each pair of vertical elements and the contrast transfer function (CTF) was 

determined from the below equation. 

 

4.2       ( )   
    ( )     ( )

    ( )     ( )
  

 

Where Imax and Imin are the maximum and minimum gray scale values of adjacent line 

pairs and f is the number of line pairs per millimeter (lines/mm). Figure 4.6B shows an 
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example of the line profile through the Group 2, Element 3 (outlined in red, Figure 4.6A). 

The CTFs for each element group were then plotted against the spatial frequency or 

lines/mm as can be seen in Figure 4.6C. The CTFs were then fit to a third degree 

polynomial and the use of the Rayleigh criterion or 26.4% contrast resulted in an 

estimated spatial resolution of approximately 5 lp/mm or 100µm as shown in Figure 4.6C 

[22]. 

 

Figure 4.6 Pulsed system resolution. USAF-1951 three bar resolving power test target as imaged on the pulsed 

system with Group 2 / Element 3 outlined in red (A), Normalized intensity line profile across vertical bars in 

Group 2 / Element 3 (B). Contrast transfer function plotted against spatial frequency for various 

groups/elements from the test target with estimated spatial frequency at a CTF of 26% (Rayleigh criterion) 

marked by red dashed line (C). 

4.5 Filtering 

4.5.1 Introduction  
 

The stringent requirements of an FGS system in terms of detection efficiency, 

minimization of excitation bleed through, adequate of field of view (FOV), and sufficient 

depth of field make the selection the proper filtering scheme essential to the performance 

of the system. The bandwidth of typical LEDs is large in comparison to that of a laser and 

without proper excitation filtering significant bleed through into the emission channel can 

be expected. The choice of excitation filters will depend on absorption spectra of the 

fluorophore being excited as well its emission spectra and the filters used on the emission 
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side. Typically a decision will be made as to whether to excite the fluorophore at its 

absorption peak and collect light beyond the emission peak or to excite below peak 

absorption and collect at peak emission [24]. These strategies result in somewhat reduced 

fluorescence detection as compared excitation and collection occurring at the absorption 

and emission peaks. However, this reduction is generally much preferred to the 

alternative of increased bleed through. The importance of keeping excitation bleed 

through to a minimum cannot be overstated and will be discussed greater detail below. 

4.5.2 Fluorophores Driving Pulsed System Filtering Design 
 

The 800 channel of the pulsed system has been designed to image IRDye800 CW 

and consists of 740 nm LEDs with 750 SP interference filters. This results in excitation 

below the IRDye800 CW peak absorption of 773 nm. Collection is centered just beyond 

the peak emission of 792 nm with an 800 40BP interference filter on the emission side.  

The absorption and emission spectra of IRDye 800CW are presented in Figure 4.7A. 

The 700 channel of the pulsed system has been designed with the imaging of 

PpIX and IRDye 680RD in mind. Excitation is provided by 630 nm LEDs with 650 SP 

interference filters. This results in excitation below the IRDye680 RD peak absorption of 

680 nm. Collection is centered just beyond the peak emission of 694 nm with a 700 40BP 

interference filter on the emission side. Absorption and emission spectra of IRDye 

680RD are presented in Figure 4.7B 

Peak excitation for PpIX is around 405 nm, however, there is another smaller 

peak in the vicinity of 630 nm as can be seen in Figure 4.7C where the entire absorption 

and emission spectra of PpIX are plotted. The main PpIX emission peak is around 630 
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nm with a second peak at 700 nm. In the case of PpIX imaging the primary absorption 

and emission peaks are not targeted by this system but rather these higher wavelength 

secondary peaks are used. The impetus for this approach is to take advantage of the 

improved tissue penetration and reduced background signal at these higher wavelengths 

as one of the primary focuses of this system has been imaging in normal room light.  

In order to allow efficient testing and accurate evaluation of fluorescent probes in 

pre-clinical animal models the pulsed system has also been designed to enable the 

imaging of green fluorescent protein (GFP). The animal experiments presented 

throughout this work utilize the U251-GFP tumor line, which is a tumor that has been 

transfected with enhanced GFP (EGFP) [124]. The use of a GFP transfected tumor line 

allows the fluorescence signal from GFP to be used to segment the tumor into regions of 

tumor and non-tumor. This information then allows for the straightforward evaluation of 

fluorescent probes in their ability to mark the tumor. Hematoxylin and eosin (H&E) 

staining can be used to both confirm GFP segmentation as well as enable closer 

examination of invasive regions. The ability to image GFP with the same system used for 

fluorescence tracer imaging greatly enhances the value of a system such as this 

particularly for pre-clinical animal work as image analysis and comparison of probes is 

greatly simplified. 
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Figure 4.7 Fluorophore absorption and emission spectra of (A) IRDye 800CW (Licor), (B) IRDye 680RD (Licor), 

(C) PpIX (Stummer et al.[18] ), and (D) enhanced green fluorescent protein (EGFP) (BioTek, Winooski, VT) 

4.5.3 Pulsed System Filtering Design 

4.5.3.1 GFP Filtering Setup 

Successful GFP imaging entails some complications not present when imaging 

higher wavelength NIR fluorophores. One major obstacle is the greatly increased level of 

tissue autofluorescence present in the GFP emission range [125]. The absorption and 

emission spectra for EGFP are shown in Figure 4.7D where it is seen that peak absorption 

occurs at 488 nm and peak emission at 509 nm. In order to minimize excitation of 

intrinsic fluorophores it is ideal to utilize narrow bandwidth excitation as close to the 

absorption peak as possible while also maintaining a narrow bandwidth on the emission 

side. The use of short pass excitation filters with LEDs is problematic in that it allows for 

light in the ultraviolet (UV) range to reach tissue and this is the range of greatest 

absorption for intrinsic fluorophores [126]. While the use of a narrow bandpass filters on 
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both the excitation and emission sides will inherently reduce overall GFP signal, it will 

significantly increase GFP signal in relation to tissue autofluoresence enabling greater 

contrast to noise ratios. An example of this can be seen in Figure 4.8 where GFP images 

from the pulsed system and Typhoon 9410 Variable Mode Imager (GE Healthcare, 

Milwaukee, WI) from a single ex vivo brain slice containing a U251 GFP tumor are 

compared using different excitation sources and filtering. The 455 nm LED and 10BP 

filter provided superior GFP images as it enabled adequate GFP excitation with minimal 

tissue autofluorescence. 

 

Figure 4.8 GFP images of the same U251-GFP tumor  containing 1mm brain slice from the pulsed system (A&B) 

and Typhoon scanner (B&C) using different excitation sources and filtering are compared. (A) GFP image from 

pulsed system using a 455 nm LED with a 458 10BP filter for excitation and 508 10BP filter for emission. Tumor 

is marked by the red arrow and can be seen prominently with little noise in the areas outside of this region. (B) 

GFP image from the pulsed system using the same emission filter but a 420 nm LED and 450 SP filter is used for 

excitation. While the tumor remains prominent, there is considerable variation in signal in other tissue areas 

away from the tumor. These areas of higher signal from autofluorescence will make it more difficult to identify 

less prominent or micro invasive tumor regions with lower GFP signal. (C) GFP image from the Typhoon 

scanner using a 488 nm laser and 520 20BP emission filter verifies tumor region as seen with the pulsed system. 

(D) GFP image from the Typhoon scanner using a the same emission filter but a 457 nm laser displays greater 

autofluorescence in comparison to GFP signal than that seen with the 488 nm laser seen in (C). 
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4.5.3.2 General Design Strategies for NIR imaging 

Interference filters offer the highest efficiency, but there performance is degraded 

as the angle of the incidence increases and they generally lose useful efficiency at angles 

greater than 10 degrees. An increase in the incident angle causes a shift in maximal 

spectral performance toward shorter wavelengths [26,127]. 

The short pass interference filters that have been placed in front of the LEDs 

would be expected to work reasonably well as the Fresnel lenses on the LEDs direct the 

light at relatively narrow angles through the filters with a maximum divergence of 

approximately 10 degrees as reported by the manufacturer (SpecBright, Prophotonix, 

Cork, Ireland). The effect of the 750SP filter on the 740 nm LED can be seen in Figure 

4.9 where the spectrum for the 740 nm LED is plotted with and without the short pass 

filter. While there is some reduction in power at the 740 nm peak, the primary effect of 

the filter is to greatly reduce light beyond ~750 nm as designed. 

 

 

Figure 4.9 Normalized spectrum of 740 LED  (solid red) and normalized spectrum of 740 nm LED with 750SP 

filter placed in front of it (dashed blue).Spectrum recorded with Ocean Optics QE 65000 spectrometer. 

Assuming that an interference filter is used on the emission side, the performance 

of this filter will vary significantly depending upon its placement within the optical path 
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as this will influence the angles of incidence. The range of different options for filter 

selection and placements discussed here are presented in Figure 4.10. Placement in front 

of the collection lens (Figure 4.10A) will reduce incident angles as compared to behind 

the lens where light is being focused onto the sensor (Figure 4.10B). However, depending 

upon the size of the lens, this may require larger, more expensive, custom made filters. 

The ideal scenario may be to place the filter inside the lens within a collimated beam 

path, but this is not possible with off-the shelf, commercially available lenses and filters 

[26]. Another option would be the use of a custom relay lens behind an off-the shelf 

collection lens and the placement of the filter within the collimated beam path in the relay 

lens (Figure 4.10C). However, this is again a more expensive and complicated design. 

Simple placement of the filter between the collection lens and the image sensor allows 

small, relatively inexpensive, off-the shelf filters to be used without further custom 

optics. The problem is that with a relatively large FOV and relatively short working 

distance, angles of incidence may exceed 10 degrees as one moves away from the center 

of the image, greatly reducing filtration efficiency and allowing excitation light to bleed 

through corrupting fluorescence signal. 
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Figure 4.10 Schematics showing a range of options for placement of emission filters in a fluorescence  imaging 

system. (A) Bandpass (BP) interference filter is placed in front of the collection lens. (B) BP interference filter is 

place between the collection lens and camera with no additional optics. (C) BP interference filter is placed within 

the collimated light path of a relay lens placed between the collection lens and camera. The same effect could 

also be achieved with a single custom built collection lens and the filter placed within a collimated light path 

inside this lens. (D) BP interference filter placed between collection lens and camera with a long pass (LP) 

absorption filter placed directly behind it. 

The pulsed system has been designed to take advantage of the sophisticated optics 

available with the wide array of commercially available lenses for digital single reflex 

lens (SLR) cameras. These lenses are relatively cheap and have flange to focal plane 

distances around 44mm (44 mm for Canon EF mount and 46.5mm for Nikon F-mount). 

The larger back focal length as compared to a c-mount lens provides enough space 

between the lens and the base of a typical scientific camera to enable the integration of a 

filter or filter wheel into this area with minimal effort or expense. The pulsed system 

features a filter wheel with custom adapters connecting a Canon mount lens on one side 

to the PI MAX 3 camera on the other side. While this filtering configuration is relatively 

inexpensive and provides tremendous versatility for a prototype instrument, it may suffer 

from the problem of reduced filter efficiency due to high incident angles if only a single 

interference filter is used. This may become a more significant problem when insufficient 

separation exists between excitation wavelength and the emission filter.  One way to 

minimize this problem is to place an absorption filter behind the interference filter 

(Figure 4.10D) and this option is examined further in the analysis that follows. 
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4.5.3.3 Excitation Light Bleed Through and Solutions 

The problem of signal overlap between excitation bleed through and fluorescence 

was most pronounced at the 800 channel, where there is less separation between the LED 

center wavelength and the emission filter wavelength. Bleed through due to high photon 

incidence angle poses a greater problem than just a higher background signal. The 

increasing angles of incidence with increasing distance from the center of the FOV can 

result in bleed through images where excitation light appears as a halo around the image 

center. Initial testing of the 800 channel of the pulsed system demonstrated levels of 

bleed through that showed this characteristic halo as can be seen in Figure 4.11B. Despite 

the greater excitation fluence at the image center as is shown in Figure 4.11A, there is 

substantially greater signal towards the edges of the bleed through image, Figure 4.11B. 

The level of bleed through will depend not only on the physical set up of the system (i.e. 

filters, aperture, FOV, working distance), but also on the optical properties of the tissue 

examined as well as the angle the tissue makes with respect to the camera system, both of 

which can vary throughout the image making prevention of bleed through much more 

appealing than correction after the fact which may be impossible. It should be noted that 

the asymmetry seen in the bleed through image is believed to be the result of slight 

misalignment between the filter wheel and the camera. When the filter wheel is removed 

and then put back in place the asymmetry of these images is altered. Transmission data 

for both the 700 40BP and 800 40BP interference filters are shown in Figure 4.12. 
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Figure 4.11 Excitation and bleed through images.  (A) Normalized Image of excitation field which shows 

strongest excitation towards the center of the image. (B) Image of bleed through in the 800 channel with 740 nm 

LED excitation, 750 SP excitation filters, and a single 800 nm 40BP filter placed between the lens and the 

camera. Image was taken with a 1% intralipid liquid phantom with India ink used as an absorber to obtain an 

absorption coefficient of 0.02 cm-1 and aperture at f2.8. It can be seen that bleed through increases towards the 

edges of the image despite the decrease in excitation light. Images are taken at an 18cm working distance which 

results in a 6.0cm by 1.5cm FOV on the 1024 by 256 image sensor. 

 

Figure 4.12 Transmission data for the 700 40BP (blue) and 800 40BP (red) emission filter  is displayed on a log 

scale. 

One strategy for the reduction of bleed through is to use a smaller aperture setting. 

However, the use of a smaller aperture will reduce overall signal and will do so without 

any wavelength dependence. This means that actual fluorescence signal will decrease 

with decreasing aperture which can limit sensitivity.  In order for a reduction in aperture 
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to be effective the preferential reduction in higher angle excitation light must be 

significant enough to offset the reduction in fluorescence detection.  

To determine the effectiveness of the use of smaller aperture settings on reducing 

bleed through, bleed through images were taken over a range of aperture settings (at f2.8, 

f4.0, f5.6, f8.0 and f14.0)  and compared. A liquid tissue simulating phantom consisting 

of 1% intralipid and India ink (µa =  0.02 cm
-1

)  was placed at a working distance of 18 

cm  and imaged with the 800 40BP interference filter in place and the four 740 nm LEDs 

at full power (10x). 

Figure 4.11A, which was discussed previously, shows the resulting image for the 

maximum aperture setting of f2.8. Horizontal cross sections through the center of a 

number of bleed through images taken at different aperture settings were examined and 

the pixel values are plotted in Figure 4.13A. This allowed for the effect of aperture 

setting on bleed through to be examined. Additionally, cross sections of the excitation 

field were also taken and were normalized to the bleed through cross sections to enable 

comparison of the shape that would be expected were there no angular dependence on 

bleed through.  If the use of a reduced aperture to limit bleed through at the edges of the 

image is to be effective then the reduction in signal at the edges must be 

disproportionately larger than the reduction in signal towards the center of the image. A 

cursory examination of Figure 4.13A shows that signal flattens out towards the edge of 

the images as aperture is reduced. However, the area that follows the excitation spectrum 

does not seem to expand much (i.e. area where solid and dashed lines in Figure 4.13A 

overlap).  Figure 4.13B enables a closer examination of the effect of aperture on bleed 

through reduction and allows us to compare signal throughout the imaging field to that 
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which would be seen with a simple uniform signal reduction across the entire imaging 

field. Dashed lines here show expected signal were attenuation completely uniform 

across the entire FOV (i.e. signal at f2.8 multiplied by some constant or a neutral density 

filter used on the emission side). It can be see that the actual reduction in bleed through 

across the FOV barely deviates from this uniform reduction (i.e. there is little difference 

between the solid and dashed lines). This is further illustrated in Figure 4.13C where 

bleed through signals have been normalized to their highest points at left edge of the 

images and plotted together. 

The implication of this is that any attempt to reduce bleed through by way of the 

use of a smaller aperture will result in a nearly proportional decrease in fluorescence 

signal across the entire FOV. The slight disproportionate increase in bleed through 

reduction as distance from the center increases comes at a large cost in terms of total 

signal reduction. It must also be noted that substantial bleed through still exists even at 

the lower aperture settings. 
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Figure 4.13 (A) Horizontal cross sections through the center of bleed through images,  at various aperture 

settings, are plotted as distance from the image center. Solid colored lines indicate the resulting bleed through 

for each aperture setting while dashed lines indicate the excitation field normalized to the minimum bleed 

through at each aperture setting for illustrative purposes. (B) Dashed lines indicate expected bleed through 

signal were attenuation uniform across the entire FOV. This allows a closer examination of how changes in 

aperture effect bleed through differently depending upon distance from the image center. Here it is seen that 

while signal tends to flatten out slightly as aperture is reduced in reality signal attenuation is nearly uniform 

across the entire FOV (i.e. the solid and dashed lines are nearly on top of each other). (C) To further illustrate 

this point, bleed through signals have been normalized to their highest points at left edge of the images and 

plotted together. Were the reduction in bleed through obtained via a reduction in aperture to have a significant 

dependence on distance from the image center this would be seen in the deviation between the line plots in the 

image center.  

Similar testing of the 700 channel demonstrated that bleed through was much less 

significant as long as the FOV is no more than 2 cm in diameter. Beyond 2cm signal 

begins to increase rather drastically but still remains more than an order of magnitude 

below that seen in the 800 channel. Horizontal cross sections through the center of a 

number of bleed through images taken at different aperture settings were examined and 

the pixel values are plotted in Figure 4.14. Bleed through images were obtained in the 

same manner as previously described for the 800 channel. 
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Figure 4.14 Horizontal cross sections are shown with distance from the image center for the 700 channel 

detection. Images were collected using a 700 40BP interference filter on the emission with excitation provided by 

four 630 nm LEDs at full power (10x) with 650SP filters in place providing approximately 120 mW/cm2 of power 

at the image center at a working distance of 18cm. A uniform liquid tissue simulating phantom consisting of 1% 

intralipid and India ink (µa =  0.02 cm-1)  covered the entire field of view. Solid colored lines indicate the 

resulting bleed through for each aperture setting while dashed lines indicate the excitation field normalized to 

the minimum bleed through at each aperture setting for illustrative purposes. Bleed through is seen to follow the 

excitation field until about 1cm from the image center at f2.8 and slightly further from the image center as 

aperture is increased. 

In order to determine the optimal approach to bring excitation filtering to 

acceptable levels for the 800 channel the wavelength of the light bleeding through was 

examined using an Ocean Optics QE65000 spectrometer (Ocean Optics, Dunedin, FL). 

The resulting spectra are shown in Figure 4.15 alongside the 740 nm LED spectra both 

with and without the 750SP filters in place as well as the transmission spectra for the 800 

40BP emission filter. These spectra clearly demonstrate that the majority of the signal is 

from between 700 nm and 750 nm where LED power is at its greatest and excitation 

filtering is minimal. Greater separation between the excitation and emission bands could 

be achieved with the use of lower wavelength LEDs or greater separation between 

excitation and emission filters. However, each of these options would reduce excitation 

or collection efficiency by moving the system further from the absorption and emission 

peaks of the target dye. There is also little evidence that these approaches would solve the 

problem as the bleed through spectrum is well outside the bandpass of the emission filter 
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and yet is still getting through at higher angles of incidence as clearly seen in Figure 

4.11B. To alleviate this problem a 780 nm longpass (LP) absorption filter (FGL 780, 

ThorLabs, Newton, NJ) was placed behind the 800 nm 40BP interference filter on the 

emission side.  Absorption filters are insensitive to angle of incidence and as such should 

be expected to filter with the same efficiency throughout the entire FOV. The 

transmission spectra of the 780 LP absorption filter is plotted alongside the bleed through 

spectrum that results from use of the interference filter alone in Figure 4.16 where it can 

be seen that the absorption filter should be expected to significantly reduce bleed through 

with only minimal loss of signal in the 780-820 nm  range (fluorescence collection band).  

 

Figure 4.15 Spectrum of 800 channel bleed through with 740 nm LED excitation, 750 nm SP excitation filters 

and single 800 nm 40BP interference filter in place. Spectrum was recorded by removing the camera and placing 

a spectrometer (Ocean Optics, QE6500) behind the 800 nm 40BP interference filter. Bleed through is shown in 

greed, 740 LED excitation spectrum with no filter is shown in red, 740 LED with 750SP filter is shown in dashed 

blue and transmission for 800 40BP emission filter is shown in black. 
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Figure 4.16 Bleed through and transmission spectra.  Spectrum of 800 channel bleed through is plotted (solid 

green) alongside the transmission spectrum of the 780 nm LP absorption filter (dashed blue) that is to be placed 

behind the 800 nm 40BP interference filter. Bleed through spectrum was recorded by removing the camera and 

placing a (Ocean Optics, QE6500) behind the 800 nm 40BP interference filter. Absorption filter transmission 

data is as reported by the manufacturer. 

Bleed through images with the 780LP filter placed behind the 800 40BP 

interference filter were taken in the same manner as those previously described. 

Horizontal cross sections of those images are shown in Figure 4.17B while the horizontal 

cross sections for images without the absorption filter in place are shown again in Figure 

4.17A to facilitate comparison. 

 

 

 

 

 



91 

 

 

Figure 4.17 Effect of absorption filter on 800 channel bleed through.  Horizontal cross sections through the 

center of bleed through images at various aperture settings both without (A) and with (B)  the use of absorption 

filter are examined and pixel values are plotted with distance from the image center . Images were collected 

using an 800 40BP interference filter on the emission side with excitation provided by four 740nm LEDs at full 

power (10x) with 750SP filters in place providing approximately 60 mW/cm2 of power at the image center at a 

working distance of 18cm. A uniform liquid tissue simulating phantom consisting of 1% intralipid and India ink 

(µa = 0.02 cm-1) covered the entire field of view. Solid colored lines indicate the resulting bleed through for each 

aperture setting while dashed lines indicate the excitation field normalized to the minimum bleed through at 

each aperture setting for illustrative purposes. (A) Plot previously shown in Figure 4.13A is repeated here for 

comparison purposes. (B) Bleed through plot with 780 LP absorption filter placed behind the 800 40BP 

interference filter. 

The use of the absorption filter behind the interference filter demonstrates far 

superior results as compared to simply reducing the aperture. The maximum aperture of 

f2.8 can be maintained and still provide a reduction in bleed through that results in nearly 

thirty times less signal across the entire FOV. By comparison using a decrease in aperture 

alone would require stopping down to f8.0 to achieve a reduction that is still an order of 

magnitude higher.  

In addition to excitation bleed through, inefficiencies in filtering can result in 

corruption of signal from other sources as well. Autofluorescence is always a concern for 

in vivo fluorescence imaging and any inefficiency in filtering will result in greater 

detection of this non-specific signal. This may be of particular importance for the pulsed 

system where due to the nature of imaging in normal room light it can be expected that 

there will be significant background light in lower wavelength range. This background 
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light has the potential to excite tissue autofluorescence. While autofluorescence is lower 

in the NIR it may still be a concern and would be certainly higher below 750 nm where 

bleed through was seen than in the 800 nm emissions band.  Filter inefficiencies may also 

have implications for multi-channel imaging and could contribute to cross-talk. The issue 

of cross talk is looked at in detail in Chapter 4.7.  

The absorption filter’s attenuation of fluorescence signal from IRDye 800CW is 

considerably less than that of excitation bleed through as expected based on the IRDye 

800CW emission spectra . This can be seen if Figure 4.18 where signal from phantoms 

before and after the addition of IRDye 800CW are plotted both with and without the 

780LP absorption filter.  The use of the absorption filter resulted in only an 

approximately 11% reduction in fluorescence signal from IRDye 800CW whereas a 

reduction in aperture from f2.8 to f8.0 will result in a one eighth the total light reaching 

the camera with no dependence on wavelength. This analysis demonstrates that the use of 

the absorption filter is critical for this system and suggests that reductions in aperture for 

the purpose of reducing bleed through will have limited effect. Depending upon the 

required FOV aperture reductions may not be optimal from the standpoint of fluorescence 

signal maximization in relation to excitation bleed through. However, it must be noted 

that aperture size also influences depth of field and depth of field requirements may in 

fact dictate the need for reduced aperture settings. 
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Figure 4.18 Effect of LP absorption filter on fluorescence detection and bleed through.  Decrease in fluorescence 

signal from IRDye 800CW due to the addition of the 780LP absorption filter behind the 800 40 BP interference 

filter is shown to be minimal in comparison to the decrease in bleed through excitation light. Bleed through 

Images acquired using a 1% intralipid liquid phantom with no absorber or fluorophore. IRDye 800CW was 

added to the liquid phantom images to obtain a 10 nM concentration and the images were taken again. The 

addition of fluorophore was assumed to not affect bleed through allowing proportion of signal from bleed 

through (red) to be separated from that from fluorescence (blue). The decrease in the fluorescence portion of 

signal due to the addition of the absorption filter was calculated to be approximately 11%. With the absorption 

filter in place the fluorescence portion makes up approximately 80% of the total signal as opposed to only 15% 

without the absorption filter. 

4.6 Depth of Field 

Depth of field is defined as the distance between the nearest and farthest portions 

of an image that are considered to be acceptably sharp. Depth of field will depend upon 

the camera and lens used, as well as on the aperture setting and working distance.  

Depending upon the surgical application, resolution and depth of field requirements may 

vary considerably. In order to obtain some understanding of depth of field limitations 

with the pulsed system, the change in resolution was examined over a range of aperture 

settings as the working distance was varied while a constant focal plane of 18cm was 

maintained. The procedure for calculating resolution using the 1951 USAF resolution test 

chart is described in Chapter 4.4. The results obtained using aperture settings covering 

four full stops (f2.8 – f8.0) and examining working distances from 17.3 to 18.7 cm are 

presented in Figure 4.19. Here it is seen that the maximum aperture of f2.8 provides fairly 
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consistent resolution across a range of approximately 0.4 cm whereas a reduction to f5.6 

is needed to expand depth of field much beyond this to a range approaching a full 

centimeter. 

 

Figure 4.19 Resolution as determined using the 1951 USAF resolution test chart for aperture setting covering 

four full stops (f2.8-f8.0) as working distance is changed while the focal plane remains constant.  

4.7 Cross Talk 

4.7.1 Cross Talk Background 

Any imaging system that attempts to detect signal from multiple fluorophores 

must consider the possibility of cross talk between channels. This is especially true for a 

system that collects limited bandwidths and does not allow for any type of spectral 

fitting. The issue is of even greater importance when considering dual tracer imaging for 

determination of receptor concentration or binding potential as cross talk has the potential 

to greatly influence these results. 

4.7.2 Characterization of Pulsed System Cross Talk 

 Liquid tissue simulating phantoms were used to characterize the level of cross talk 

between the 700 and 800 channels in the pulsed system. This analysis was performed for 

the two primary dyes for which the system was designed to image, IRDye 680RD and 
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IRDye 800CW (Licor). The absorption and emission spectra of the two dyes are shown in 

Figure 4.7(A&B). 

Phantoms consisting of 1% intralipid, India ink (µa = 0.02 cm
-1

) and serial 

dilutions of IRDye 800CW (0.0 nM, 100 nM, 500 nM and 1000 nM) were imaged using 

both the 700 channel (630 nm excitation with 650SP filter and 700 40BP emission filter) 

and 800 channel (740 nm excitation with 750 SP filter, 800 40BP and 780LP emission 

filters). Phantoms were contained within 1.25 cm deep, 7.0 cm square wells machined in 

black Delran and placed at a working distance of 18cm. Images were acquired at full 

excitation power with the system was shielded from all ambient light so as to enable 

complete isolation of cross talk signals. A series of thirty images were taken at each 

concentration and on each channel, a 3.0 mm square ROI in the image center was 

averaged and the resulting signals are displayed in Figure 4.20A (700 channel) and 

Figure 4.20B (800 channel). Here it is seen that cross talk while present is very minimal 

and likely not an issue for signals that will be seen in vivo. The difference between the 

control sample (no fluorophore) and that at 100 nM IRDye 800CW is on average less 

than 40 counts as compared to the fluorescence signal (800 channel) which after 

adjustment for the gate width reduction needed to avoid saturation is 83,000 counts above 

the control signal. 
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Figure 4.20 Quantification of cross talk in the 700 channel.  (A) Signal in the 700 channel for serial dilutions of 

IRDye 800CW in tissue simulating phantoms. (B) Signal in the 800 channel for the same phantoms. The central 

red lines are the medians, the edges of the boxes are the 25th and 75th percentiles and outlying points are all 

within the black whiskers. Note that counts for the 800 channel which needed gate width reduction to avoid 

saturation have been adjusted to the 1ms equivalent. 

 

The same procedures were used to examine cross talk in the 800 channel 

stemming from IRDye 680RD signal. Cross talk in the 800 channel from IRDye 680RD 

was considerably greater than that seen in the 700 channel from IRDye 800CW and so 

dilutions to lower dye concentrations were performed and those results are presented. The 

signals from these phantoms are displayed in Figure 4.21A (800 channel) and Figure 

4.21B (700 Channel). Clearly cross talk is a potential issue here, which is not entirely 

surprising. The 740 nm LED will excite IRDye 680RD to some extent as can be seen by 

examining the 740 nm LED spectrum in Figure 4.9 and the absorption spectrum of 

IRDye 680RD in Figure 4.7B. Examination of the emission spectrum of IRDye 680RD in 

Figure 4.7B shows that the tail of the emission spectra extends into the wavelength range 

of the 800 channel (780-820 nm). The level of problems that this will create depends on 

the imaging scenario and may or may not be acceptable. One easy way to reduce this 

cross talk would be to replace the 750 SP excitation filters on the 740 nm LEDs with 
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bandbass filters so as to reduce IRDye 680RD excitation.  The narrower the range of the 

bandpass filter the greater the reduction in cross talk would be but some level of decrease 

in signal from IRDye 800CW in the 800 channel would also be seen. While cross talk 

from PpIX into the 800 channel was not examined it can be expected to be considerably 

lower than that seen for IRDye 680RD given the absorption spectrum of PpIX. 

 

Figure 4.21 Quantification of cross talk in the 800 channel. (A) Signal in the 800 channel for serial dilutions of 

IRDye 680CW in tissue simulating phantoms. (B) Signal in the 700 channel for the same phantoms. The central 

red lines are the medians, the edges of the boxes are the 25th and 75th percentiles and outlying points are all 

within the black whiskers. 

4.9 Tissue Simulating Phantoms for System Testing 

4.9.1 Choice of Scatterers and Absorbers 
 

Tissue simulating phantoms remain a critical component in the validation and 

testing of fluorescence imaging systems. As such it is essential that these phantoms be 

properly understood and characterized. Intralipid is commonly used as a scatterer in these 

phantoms and its properties are fairly well understood [128]. Absorbers include 

hemoglobin, whole blood, and India ink. 

Hemoglobin and whole blood have advantages in that as they are the primary 

absorbers in tissue (accounting for 39-64% of total NIR absorbance) their absorption 
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spectra more closely match that of actual tissue, whereas India ink has fairly uniform 

absorption spectra across narrow wavelength ranges [129]. This makes hemoglobin or 

whole blood a better choice for phantoms used in experiments that involve multiple 

wavelengths which have significant variation in absorption coefficients in actual tissue. 

For experiments involving relatively narrow wavelength bands India ink may be 

substituted with minimal loss of accuracy. Figure 4.22  shows the molar extinction 

coefficients of both oxy and deoxy hemoglobin (A) as well as India ink (B). 

 

Figure 4.22 Blood, hemoglobin and India ink absorption spectra.  (A) Molar extinction coefficients for oxy and 

deoxy hemoglobin, the two primary absorbers in tissue. The large difference in absorption between the 400 nm 

range and the 600 – 700 nm range, which necessitated the use of hemoglobin in the experiments involving 

comparison with the Zeiss Pentero, can be clearly seen. Absorption in the 630-720 nm range as well as in the 

740-800 nm range is relatively stable.  (data provided by Scott Prahl, Oregon Medical Laser Center) (B) 

Normalized molar extinction coefficients for India ink as determined with spectrophotometer showing the 

relatively small differences in absorption in both the 630-700 nm range and the 740-800 nm range. The relatively 

flat absorption spectra of both hemoglobin and India ink in the 700 and 800 channel wavelengths of the pulsed 

system enabled India ink to be used as the absorber phantom experiments involving these two channels. 

The vast majority of the phantom experiments involved in this work use India ink 

as an absorber. The only set of experiments that use hemoglobin instead are those in 

which the Pulsed system is compared directly to the Pentero for PpIX imaging (Chapter 

7). The reason for the use of hemoglobin here is that the Pentero system excites PpIX at 

its main absorption peak in the blue (405 nm) whereas the pulsed system excites PpIX at 
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a smaller peak in the red (630 nm). The absorption of blue light in tissue will be 

significantly greater than that of red (630 nm) excitation light as well that of NIR PpIX 

fluorescence emission light. As such, in order for an accurate comparison of the two 

systems the absorber used in the phantoms must mimic the absorption spectrum found in 

tissue over this wavelength range and so the use of hemoglobin or whole blood is 

essential. The remaining phantom studies completed in this work involve excitation and 

emission spectra that are fairly close in wavelength and do not have substantial 

differences in tissue absorption. The reduced cost and ease of using India ink as an 

absorber make it the obvious choice. 

The determination of the absorption coefficient of India ink is not entirely 

straightforward as while India ink is primarily an absorber being a suspension it also 

scatters light to some degree. As a result, the use of a spectrophotometer and the 

application of the Beer Lambert Law will not directly yield an accurate absorption 

coefficient. Instead the ratio of scattering efficiency to total extinction efficiency or 

albedo must be used in conjunction with the absorption data to accurately determine the 

absorption coefficient [130]. Di Ninni et al. determined the albedo of India ink to be 

fairly consistent across different samples of ink as well as different brands and so the use 

of their albedo values in conjunction with absorption data should yield accurate 

absorption coefficients. It should also be noted that Di Ninni et al. found it imperative to 

sonicate India ink for half an hour prior to dilution in order to obtain consistent values for 

extinction and absorption coefficients. Absorption coefficients for all phantoms (with 

India ink) used in this work were calculated using absorption data from 

spectrophotometer readings and an albedo of 0.16 as reported by Di Ninni et al. Some 
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dilution of 20% intralipid was used as a scatterer for all phantoms [128]. Determination 

of reduced scattering coefficients are based on the intralipid dilution and corresponding 

scattering values as reported by Mickels et al. [128]. This results in reduced scattering 

coefficients of 14, 28 and 42 cm
-1

 for 1%, 2% and 3% intralipid solutions respectively. 

4.9.2 Importance of Phantom Size and Boundary Conditions 
 

The use of phantoms for the testing and evaluation of fluorescence imaging 

systems requires not just a thorough understanding of phantom optical properties, but 

also a thorough understanding of how boundary conditions will influence measurements. 

This is especially important when examining phantoms with varying optical properties as 

the influence of any boundary conditions will vary with changes in optical properties.  

In order to determine the minimum phantom size that could be used and still be 

considered to represent an infinite medium a number of phantoms of varying sizes and 

depths were examined. A series of eight 1.6 cm square wells were machined in black 

Delran (McMaster-Carr, Robbinsville, NJ) with varying depths from 0.25 cm to 2.0 cm. 

These wells were filled with liquid phantoms (µs’=14cm
-1

, µa = 0.025cm
-1

, 10 nM IRDye 

800CW) and imaged with the pulsed system on the 800 channel. Fluorescence signal at 

the center of the well (square ROI of approximately 9mm
2
) was seen to increase with 

increasing depth up to about 1.0cm where signal plateaued as can be seen in Figure 

4.23A.  

A series of eight 1.25cm deep square wells with varying sizes from 1.6cm to 7cm 

(edge length) were then machined in black Delran. These wells were filled with liquid 

phantoms (µs’=14cm
-1

, µa = 0.025cm
-1

, 10 nM IRDye 800CW ) and imaged with the 
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pulsed system on the 800 channel. Fluorescence signal at the center of the well (square 

ROI of approximately  9mm
2
) was seen to increase with increasing size up to about 

4.5cm where signal began to plateau as can be seen in Figure 4.23B.  

 

Figure 4.23 Examination of phantom size on fluorescence signal.  (A) Fluorescence signal from 1.6cm wide 

square liquid phantom is seen to plateau as depth approaches 1.0cm. (B) Fluorescence signal from 1.25cm deep 

square liquid phantom is seen to plateau as width approaches 4.5cm. Both phantoms have identical properties 

(µs’=14cm-1, µa = 0.025cm-1, 10 nM IRDye 800CW) and are contained in wells machined in black Delran. 

Multiple data points at each size are the result of multiple images taken after repositioning of phantom in 

camera FOV to ensure accuracy of data. 

The plots in Figure 4.23 clearly demonstrate the large effect that phantom size can 

have on fluorescence measurements and illustrate the importance of understanding the 

influence of boundary conditions when measuring phantoms. Intuitively one might 

expect that phantom size would not have a large influence on signal when examining a 

small ROI in the phantom center. However, this is not the case and these results highlight 

an inherent resolution problem associated with these types of measurements. In contrast 

to point measurements or raster scanning, wide field imaging provides excitation light to 

a relatively large area all at once. The CCD camera then attempts to isolate fluorophore 

concentration based on emitted fluorescence signal. However, the camera can only 

determine where in the image the fluorescence photons were emitted from, it cannot 

determine where they originated from. The large dependence of signal on phantom size 
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clearly illustrates that a significant portion of fluorescence signal may originate some 

distance from the point where it exits the phantom.   

The relationship between signal and phantom size also highlights the limitations 

of sensitivity data collected with phantoms and particularly large homogeneous 

phantoms. While the data collected in this manner is able to provide a method of 

comparing the effects of changes within an imaging system as well as a means of 

comparing different systems, it cannot readily be extrapolated to provide in vivo detection 

thresholds.  

This analysis suggests that as long as phantom depth is at least 1.0cm and 

phantom width is at least 4.5cm, the influence of boundary conditions can be expected to 

be minimal. This is for a homogeneous phantom with uniform fluorophore concentration 

(µs’=14cm
-1

, µa = 0.025cm
-1

, IRDye 800CW = 10 nM). Increased absorption or the use of 

fluorescent inclusions rather than a uniform fluorophore concentration would result in the 

ability to use even smaller phantoms.  

4.10 Sensitivity comparisons to Zeiss Pentero 

 In order to gain some insight into the performance that might be expected from 

the pulsed system it has been compared directly to the Zeiss OPMI Pentero® surgical 

microscope using liquid tissue simulating phantoms. Both the 700 and 800 channels have 

been compared directly to the equivalent Pentero Blue and IR channels. The analysis has 

used serial dilutions of IRDye 800CW and PpIX, two fluorophores that are extremely 

relevant to glioma imaging. In both instances the pulsed system is shown to be more 

sensitive to the Pentero even when imaging under normal ambient room light. 
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4.10.1 Sensitivity comparison using IRDye 800CW (phantom study) 
 

The sensitivity of the Pulsed system (800 channel) for IRDye 800CW was 

compared directly to that of the Zeiss OPMI Pentero® surgical microscope (IR channel) 

using serial dilutions of IRDye 800CW in tissue simulating liquid phantoms. 

Homogeneous liquid phantoms containing 1% intralipid, India ink (µs‘=14.0cm
-1

, µa = 

0.02cm
-1

) and concentrations of IRDye 800CW from 0.3 - 500 nM were examined with 

both systems. Phantoms were contained in a 1.25cm deep, 2.7cm wide square well 

machined in black Delran and signal was taken from a 3.0 mm wide square ROI in the 

center of the well.  

Images taken using the Pentero were taken in a dark room with both the gain and 

excitation light set to 100% in order to maximize sensitivity. Images taken using the 

Pulsed system were taken in a normal room lighting (fluorescent overhead lights 

producing  approximately 125µW/cm
2
 background light), 1ms exposure, full 10x 

overdriving of the 740 nm LEDs and full camera gain. 

The resulting fluorescence intensities (counts) vs. concentration for both systems 

were plotted and the data linearly fit. Raw data and linear fits are displayed on 

logarithmic plots in Figure 4.24(A&C). To determine the linear range of each system the 

percent residual from the linear fit was determined at each concentration and this plotted 

in Figure 4.24(B&D). The pulsed system remains linear within about 10% down to a 

concentration of 2.0 nM whereas the Pentero system loses linearity around 4.0 nM and 

also displays considerably more noise in the linear range.  Additionally, the Pulsed 

system remains sensitive to changes in concentration all the way down to the minimum 
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concentration examined (0.03 nM) whereas the Pentero system is insensitive below 

approximately 4.0 nM.  

 

Figure 4.24 IRDye 800CW sensitivity comparison.  (A&C) Detected signal over a range of IRDye 800CW 

concentrations from 0.03 nM to 250 nM is plotted along with a linear fit to this data for the Pulsed (A) and 

Pentero (B) systems. Signal counts for the Pulsed system have been corrected to 1ms gate width for those 

concentrations imaged at shorter gate widths to avoid saturation. Similarly, signal counts for the Pentero system 

have been corrected to full excitation power for those imaged at reduced power to avoid saturation. (B&C) The 

percent residual for the linear fit to the detected signal is plotted over the range of concentrations examined for 

the Pulsed (C) and Pentero (D) systems.  

To further illustrate sensitivity differences between the two systems the 

fluorescence intensities were normalized to their minimum values and plotted alongside 

each other on the same graph Figure 4.25A. Contrast to noise ratios (CNR) were also 

determined where contrast is defined as the signal at each concentration minus the signal 

of the control sample (no fluorophore) over the standard deviation of signal in the 

control. CNR ratios for both systems are displayed in Figure 4.25B. 
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Figure 4.25 Comparison of signal and CNR for IRDye 800CW phantoms. (A) Detected signal over the range of 

IRDye 800CW concentrations examined (0.03 nM to 500 nM) has been normalized for both the Pulsed and 

Pentero systems and plotted side by side. (B) Contrast to noise ratios (CNR) at each concentration are plotted 

for both systems.  

The increased linear fluorescence range of the pulsed system, its higher CNRs, 

and its substantially lower sensitivity limit to IRDye 800CW suggest that it may show 

greater promise for in vivo imaging of IRDye 800CW for tumor resection. There are a 

number of factors that undoubtedly contribute to these results and we will not attempt to 

discern each ones particular influence. However, it should be noted that the Pulsed 

system uses an extremely sensitive 16-bit ICCD camera whereas the Pentero uses only an 

8-bit CCD camera and this certainly would be expected to have a significant impact on 

the results presented here. 

4.10.2 Sensitivity Comparison using PpIX (phantom study) 
 

 As a preliminary investigation into the performance capabilities of the pulsed 

light system or PpIX imaging it was compared to a state of the art clinical FGS 

instrument, the Zeiss OPMI Pentero® Blue 400 surgical microscope.  A direct sensitivity 

comparison was performed using tissue-simulating liquid phantoms consisting of 1% 
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intralipid, 1 mg/ml hemoglobin (Hemoglobin A0 ferrous stabilized human, Sigma-

Aldrich) and serial dilutions of PpIX from 5µM down to 0.1µM.  Imaging was completed 

under ambient lighting conditions (~125 µW/cm
2
) with the pulsed system but was 

performed in the dark following standard clinical practice using the Pentero operating 

microscope. The Pentero system excites PpIX with violet blue light (λ= 405 ± 5 nm), 

which coincides with the maximum absorption peak of the compound. The pulsed system 

used four 630 nm LEDs with 650 nm shortpass filters and no polarizers for excitation in 

this set of experiments. This provided approximately 360 mW/cm
2
 at the tissue surface. 

In the experiments described here the ICCD was gated to allow 500µs exposures and was 

synchronized to the LED pulses with all systems controlled through LabVIEW (National 

Instruments, Austin TX). Dynamic background subtraction was performed in real time 

with each pulsed light acquisition being preceded by an equivalent acquisition in the 

absence of excitation light. Images from both systems as a function of PpIX 

concentration are presented in Figure 4.26(A-C).  Visible fluorescence images from the 

Pentero are shown as the surgeon would see them in Figure 4.26A; Figure 4.26B shows 

only red channel intensities extracted from the Pentero RGB images, and Figure 4.26C 

presents the pulsed system images of the same phantoms. Contrast-to-noise ratios and 

raw signal detected for the two systems are shown in Figure 4.26D and Figure 4.26E, 

respectively, where red channel values from Figure 4.26B were used to quantify the 

Pentero metrics.  
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Figure 4.26 . Fluorescence images of tissue-simulating phantoms containing different concentrations of PpIX.  

(A) Zeiss Pentero surgical microscope (acquired in the dark) RGB images visible to the surgeon, (B) Pentero 

images from the red RGB channel only and (C) background subtracted images from the pulsed imaging system 

in ambient lighting. (Note: pulsed images smoothed using a median filter and color scale on all images chosen to 

show maximum contrast and no images are saturated) (D) Contrast to noise (calculated using central ROI in 

original images) and (E) raw signal for both systems where solid and dashed lines indicate signal in absence of 

PpIX. 

Results demonstrate the superior sensitivity to PpIX of the pulsed system, which is 

observed despite detection under ambient light vs. a dark room for the Pentero. The 

minimum visible concentration of PpIX was 0.25µM for the pulsed FGS system and 5µM 

for the Pentero (the Pentero did detect concentrations as low as 1.0µM when examining 

the red channel only). Detected signal and contrast to noise were linear with 

concentration for both systems with R
2
 values of 0.99 or greater. The results of these 

phantom studies are discussed further in Chapter 7.1.4 following an in vivo comparison 

of the two systems.. 
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4.11 Optical Property Correction 

4.11.1 Introduction and Previous Work 
 

There are a number of confounding factors that can contribute to deviations 

between the fluorescent images acquired by an imaging system and the actual underlying 

fluorophore concentration. One of the most problematic and well recognized is variations 

in optical properties within the tissue being examined. This has resulted in substantial 

research into ways to correct images for variations in both scattering and absorption. This 

research has explored advanced imaging methods that include spatial frequency domain 

imaging as well as advanced algorithms and Monte Carlo modeling [131-133]. In the 

context of FGS there is obviously a strong desire to develop methods that can be 

implemented in real time with the standard wide field CCD based imaging systems. To 

this end, several groups have implemented techniques that utilize fluence images (images 

of remitted excitation light) to enable corrections. These techniques were touched upon in 

Chapter 1, but will be discussed in more detail here [19,22].  

The motivation for using fluence images is that they are both easy to obtain and 

contain information regarding tissue optical properties with negligible influence from 

fluorescence concentration. The fluence image will typically be acquired with either 

reduced excitation power or a neutral density filter on the emission side. Additionally, 

cross polarization between excitation and remittance is often used to enable rejection of 
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spectrally reflected light. As mentioned previously, Themelis et al. used phantoms to 

show that simply dividing fluorescence signal by the remitted excitation signal resulted in 

corrected images that substantially reduced errors in florescence measurements  These 

experiments employed two difference phantom set ups. The first consisted of a series of 

tubes containing a uniform fluorophore concentration (400 nM Alexa Fluor 750), uniform 

scattering (1% intralipid for a µs’ of 8cm
-1

), and varying concentrations of India ink (50-

250 ppm for µa of 0.4cm
-1

 to 2.0cm
-1

). The tubes were immersed in a 1cm thick liquid 

phantom with uniform optical properties (µs’=8cm
-1

 and µa= 0.4cm
-1

) and positioned 

6mm apart and 2mm below the surface. The second set of experiments used a single tube 

containing uniform fluorophore concentration (400 nM), 1% intralipid and 50ppm India 

ink (µs’=8cm
-1

 and µa = 0.4cm
-1

) which was again immersed in the liquid phantom 2mm 

below the surface but this time it was the absorption of the surrounding medium that was 

varied from a µa of 0.4cm
-1

 to 2.0cm
-1

 by titrating India ink. While these conditions 

showed greater overall fluorescence attenuation, corrected images still maintained a 

marked improvement over raw fluorescence images. Results from both of these 

experiments are display in Figure 4.27 [22]. 

 

 



110 

 

 

Figure 4.27 Results from Themelis et al. where fluence images were used to correct fluorescence images for 

variations in absorption values.  (A) Tubes containing Alexa Fluor 750 and varying absorption levels were 

immersed in homogeneous liquid phantom. (B) Tube containing Alexa Fluor 750 and fixed absorption was 

immersed in liquid phantoms of varying absorption. Significant correction was obtained under both scenarios 

using simple division of fluorescence image but fluence image [130]. 

This work certainly illustrates the potential benefit of using fluence images to 

enable a very simple and efficient method of obtaining some level of correction for 

changes in tissue absorption. However, these experiments were all performed without any 

variation in scatter and so the effect that changes in scatter would have on these 

corrections is unknown. 

4.11.2 Optical Property Correction Using the Pulsed System 
 

To determine how changes in scatter affect the ability to correct for tissue optical 

property variations a similar set of experiments was designed, but absorption changes 

across three different scattering values were examined. As these experiments utilized 

phantoms with a wide range of optical properties, it was extremely important that there 

be no influence from boundary conditions at the edge of the phantoms.  The effect of 

boundary conditions, if significant, would change with changes in optical properties 

making results difficult to interpret. The optical properties examined are based around 

typical values expected in brain tissue [19]. Three sets of phantoms were made with 
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reduced scattering coefficients of 14, 28 and 42 cm
-1 

 (1%, 2% and 3% intralipid) and 

absorption values of 1.0cm
-1

, 0.08,0 .06,0 .04 and 0.02 cm
-1

 (India ink). Additionally, a 

volume of the phantom containing 3% intralipid and a µa of  0.06 cm
-1

 was separated, 

mixed with IRDye 680RD (Licor), added to a solution of warm water and gelatin 

(Porcine skin, Sigma-Aldrich), poured into a 2ml round Eppendorf tube and refrigerated 

to produce a small 9mm diameter gelatin phantom with 2% intralipid, a µa of 0.04 cm
-1

, 

0.05 g/ml gelatin and an IRDye 680RD concentration of 2 nM.  

The gelatin phantom was then removed from the Eppendorf tube, trimmed with a 

razor blade and plastic tissue holder (Braintree Scientific, Braintree, MA ) to a height of 

1.1 cm and glued (Gorilla Glue)  to the center of a 1.25 cm deep 7.0 cm square well 

machined in black Delran. Both fluence and fluorescence images were then recorded with 

the gelatin phantom immersed sequentially in the full range of liquid phantoms. A square 

ROI (~3 mm
2
) around the center of the gelatin phantom was selected and each signal was 

normalized to the maximum signal for that group of phantoms with the same scattering 

coefficient. The mean fluorescence signal was then divided by the mean fluence signal 

and the results are plotted separately for each scattering group in Figure 4.28. This is the 

same procedure used by Themelis et al. except that it has been performed over three 

different groups of scatterers. The results are similar in that significant fluorescence 

correction is seen over the entire range of absorbers for all three scatterers.  
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Figure 4.28 Correction for variations in optical properties.  Signal from fluorescence images (blue) and fluence 

images (green) are plotted over a range of absorption values from 0.02cm-1 to 0.1cm-1. All data has been 

separated by scattering value (A,B, and C) and normalized to maximum value within that scattering group. 

Corrected values for fluorescence images obtained from taking the ratio of fluorescence over fluence are plotted 

in red. 

  However, the intention is to examine correction methods when both scattering and 

absorption are varied and to do this the data cannot be separated and individually 

normalized based on scattering. Normalization of fluence and fluorescence measurements 

for the entire data set without separation by scatterer yields slightly different results and 

these are presented in Figure 4.29 where scatterers are separated for display purposes, 

only after corrections have been made. Here it is seen that while fluorescence decreases 

as scattering increases, fluence does the opposite and increases as scattering increases. 

 

 

Figure 4.29 Correction for variations in optical properties without scatter based separation. Signal from 

fluorescence images (blue) and fluence images (green) are plotted over a range of absorption values from 

0.02cm-1 to 0.1cm-1. Signals have been normalized to the maximum value of all data and then separated by 

scattering value for visualization only. Corrected values for fluorescence images obtained from taking the ratio 

of fluorescence over fluence are plotted in red.  
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Variations in in scattering clearly make the raw fluorescence data less reliable, but 

it can be seen that dividing by the fluence image still provides some level of correction. 

However, with variations in scattering there is now the possibility of overcorrecting when 

scattering and absorption are at their lower values. This is observable in Figure 4.29A 

(µs’=14 cm
-1

 and µa =.02cm
-1

) where the result of the correction is to push the value to 

about 10% above 1.0  (the level of normalization). 

Previously when the three scatterers were corrected separately the corrected 

values varied from 1.0 to 0.7 whereas uncorrected values varied from 1.0 to 0.55 across 

all scatterers as seen in Figure 4.28.  When the data is examined without any scatter based 

separation the corrected values vary from 1.1 to 0.65 while the uncorrected values again 

vary from 1.0 to 0.55 as seen in Figure 4.29. The range of variation in the corrected 

fluorescence values has increased by 50% and now matches that of the uncorrected 

values. This would tend to suggest that one can be no more confident in the corrected 

values than one could be in the uncorrected values. However, the plots presented in 

Figure 4.29 show that the corrected values show improvement over the uncorrected 

values at all measurements other than those at the very lowest scattering and absorption 

values where overcorrection occurs. The simple method of dividing fluorescence by 

fluence is still able to provide improved accuracy in fluorescence measurements over 

nearly the entire range of optical properties examined, although, the introduction of 

variations in scattering clearly reduces the level of improvement that these corrections are 

able to provide. This can be easily seen by comparing the plots shown in Figure 4.28, 

where corrections are determined separately for each group of scatterers and those in 

Figure 4.29 where a single correction is used across all scatterers. 
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4.12 Visualization of Fluorescence 

Surgeons have historically used either direct visual observation of the surgical 

cavity or visualization through a surgical microscope. These same methods have 

continued to be used in the fluorescence guided surgical resection of gliomas. In these 

procedures direct visualization of the apparent pink PpIX fluorescence against a 

predominately blue background creates a strong fluorescence contrast while still 

maintaining anatomical context. The blue background is provided by the purposeful bleed 

through of low levels of blue excitation light which enables the surgeon to see anatomical 

features [18]. An example of the surgeon’s view through the Zeiss Pentero Blue 400 

surgical microscope during glioma resection can be seen in Figure 4.30.  

 

Figure 4.30 Example of direct visualization of pink PpIX fluorescence with the Zeiss Pentero Blue 400 surgical 

microscope  against a blue background created by the purposeful bleed through of low levels of blue excitation 

light during fluorescence guided resection of a glioma. Areas of the tumor are highlighted in pink while the blue 

background enables anatomical context to be maintained. Image courtesy of Roberts et al. [134]. 

Without the use of fluorescence a surgeon will typically rely entirely upon the 

direct visualization of tissue, knowledge of the anatomy and possibly tissue palpation to 

determine tissue type as well as differentiate cancerous from normal tissue. In this 

context tissue color is one of the primary indicators of tissue type. The apparent tissue 
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color will be tremendously influenced by the lighting within the operating room and this 

includes both room lights and any surgical lights. The International Electrotechnical 

Commission (IEC) has established norms and guidelines for the characteristics of 

surgical and examination lights through IEC 60601-2-41 – Particular requirements for 

the safety of surgical luminaires and luminaires for diagnosis, 2000 [135]. These 

guidelines specify homogeneity of the field as well as central luminance and color 

rendition. Central luminance cannot exceed 160,000 lux and should not be lower than 

40,000 lux while for the purpose of distinguishing true tissue color, the color rendering 

index must be between 85 and 100.  

The use of the Zeiss Pentero Blue 400 microscope for FGS requires the surgeon to 

go back and forth between white light and blue light modes depending on what they want 

to see in that instant. Switching between blue light and white light modes on the 

microscope requires only the flick of a switch and has been reported to work well [18]. 

However, the fluorescent mode requires all background room lights to be turned off or at 

least severely dimmed. In addition to the disruption in work flow that this creates it also 

means that the surgeon’s eyes will have to readjust to the change in brightness each time 

a switch is made between fluorescent and white light modes. This may impact surgeon’s 

perception of tissue under both white light and fluorescent modes although no direct 

study of this has been made. One primary advantage of direct visualization through the 

scope is that it requires minimal change in technique by the surgeon to transition from 

performing traditional surgery to FGS.  

While direct visualization of fluorescence is possible in the case of PpIX due to its 

large stokes shift and emission in the red it is not possible for fluorophores with narrower 
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stokes shifts or for those in the NIR emitting above about 750 nm. There are a number of 

advantages to using these higher wavelength dyes and these include greater tissue 

penetration, reduced background signal from standard fluorescent room lights as well as 

possibility of using them in combination with a lower wavelength emitting fluorophore. 

Additionally, the reduction in background signal may simplify the design of systems that 

allow fluorescent imaging under normal room light. In the absence of direct visualization 

of fluorescence some alternative must be used and the most common solution is to 

display the recorded images on some sort of monitor. Fluorescence images on their own 

are of limited value and so most systems under development enable the overlay of 

fluorescent images on a white light image so as to enable signal to be seen in the context 

of the physical anatomy. An example of this is shown in Figure 4.31 which provides 

images from the FLARE system [136]. 

 

 

Figure 4.31 Visualization using the FLARE imaging system.  Simultaneous dual-channel imaging of bile ducts 

and hepatic arteries. Red was used to pseudo-color arteries and green was used to pseudo-color bile ducts in the 

merged image. Arrowheads indicate bile ducts. LHA (left hepatic artery); RHA (right hepatic artery). Scale bar 

= 3 cm [136]. 

The process of creating a fluorescent overlay image is not necessarily straightforward and 

considering that it is these images that will guide surgical resection it is crucial that the 

images properly convey the information captured by the camera in a consistent, reliable 

and useful manner.  
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 While there exists a multitude of ways to go about creating a fluorescence overlay 

color image, a method is proposed that is relatively simple and produces images that 

convey consistent, reliable and useful information to the surgeon. A false color for the 

fluorescence overlay should be chosen that will have minimal impact on the color image, 

but at the same time be clearly visible (i.e. a bright color that is not present in the color 

image). A number of researchers have chosen lime green and that will be used here. Any 

fluorescence overlay that uses multiple wavelengths will require the use of two different 

false colors to enable these wavelengths to be displayed separately as seen in Figure 4.31 

where red is used as the second color. Each fluorescent overlay image will then be of a 

single false color and in the case of multiple wavelengths each wavelength will be 

represented by a separate image with a single distinct false color. The intensity of the 

fluorescent signal is conveyed by the opacity of the false color image as it is overlaid on 

the true color image. 

The simplest method of overlaying the fluorescence image on the color image 

would be to normalize the fluorescence image based on the bit depth of the camera and 

then use these normalized pixel values directly as the opacity level in the overlay image. 

However, the result is generally not favorable as seen in Figure 4.32 where significant 

areas of the color image are obscured by fluorescence that is not actually marking the 

tumor, but is really just background signal. 
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Figure 4.32 NIR color overlay with pulsed system using normalized fluorescence to map opacity. True color 

image of mouse brain during surgical resection (A). Normalized fluorescence intensity image where tumor is 

marked with red arrow and eyes with yellow arrows (B). False colored overlay using normalized fluorescence 

image as opacity map (C). 

 A transfer function is needed to move from the fluorescence intensity image to an 

opacity map that will convey the fluorescence information in a manner that is of more 

practical use to the surgeon. The transfer function should allow for some minimum 

fluorescent threshold below which opacity is zero so as to eliminate false color from 

areas of non-significant fluorescence. Additionally, there should be some maximum 

fluorescent value above which the opacity is constant and that constant value should be 

below one so as to still allow some visualization of the true color image. A number of 

different functions were experimented with and an exponential decay seemed to provide 

the most appealing images. The transfer function in Equation 4.3 will be examined for 

fluorescence values between the upper and lower thresholds. 

 

4.3                                                           
   

 

Where Oxy is the opacity pixel (x,y), Omax is the maximum opacity used, FLxy is the 

fluorescence intensity at pixel (x,y) and n is some chosen exponent. This new transfer 

function is plotted in Figure 4.33A using the upper and lower threshold fractions, power 
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of the exponential decay and maximum opacity level shown. The new opacity map and 

fluorescent overlay image created with this transfer function can be seen in Figure 4B and 

Figure 4.33C respectively. 

 

Figure 4.33 NIR color overlay with pulsed system using opacity transfer function. (A) The transfer function 

from Equation 4.3, which maps fluorescence intensity to opacity for NIR color overlay image is plotted for the 

parameters shown. (B) Fluorescence image resulting from application of the transfer function is shown with 

yellow arrows marking the eyes and red arrow marking the tumor. (C) Resulting NIR color overlay image is 

presented with fluorescence false colored green over white light image. 

With the proper adjustment of the transfer function input parameters (maximum 

opacity, fluorescent upper limit, fluorescent lower limit and exponent power), the 

overlaid fluorescent images can be tailored to create the desired effect. This method is 

able to provide visually appealing overlay images but does require some a priori 

knowledge of expected fluorescence intensities in pathological vs. normal tissue in order 

to be most effective. Fluorescent intensity values would have to be determined 

empirically and would depend upon not just the imaging system but also on the 

fluorophore used as well as the dose and tissue auto fluorescence levels. It may in fact be 

useful to allow the opacity transfer function to be tailored interactively within some limits 

during actual surgery. 
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4.13 Summary of Pulsed Light Imaging System 

 There are significant advantages to using pulsed light for FGS. Short duration 

pulses enable the LEDs used for fluorescence excitation to be overdriven. This increases 

fluorescence signal as compared to background signal from ambient light and enables 

imaging in the presence of significantly greater background ambient light.  Additionally, 

restricting tissue excitation light exposure to only those periods of time in which images 

are actually being acquired presents advantages in regards to the fluence levels that can 

be safely used. This concept will be further explored in Chapter 5. Pulsed light imaging 

also has the potential to drastically increase frame rates which tremendous promise for 

multi-spectral imaging in real time.  

 The hardware used in the pulsed system has been described in detail. The use of a 

long pass absorption filter behind an interference bandpass filter on the emission side of 

the 800 channel is shown to significantly decrease bleed through at that channel with 

minimal decrease in fluorescence signal for IRDye 800CW. This is shown to work 

considerably better for this setup than reductions in aperture and aperture selection here is 

seen to be driven by depth of field considerations.  

The level of cross talk from IRDye 800CW into the 700 channel is shown to be 

minimal and unlikely to influence imaging at expected in vivo fluorophore 

concentrations. However, the level of cross talk from IRDye 680RD into the 800 channel 

while low could influence measurements and must be taken into consideration. 

Sensitivity of the pulsed system to both IRDye 800CW and PpIX was compared to the 

Zeiss Pentero surgical microscope using liquid tissue simulating phantoms. The pulsed 

system was shown to be more sensitive for both fluorophores even when imaging in 
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normal lab ambient light conditions. Further in vivo comparisons between the two 

systems are detailed in Chapter 7. The ability to utilize fluence images to correct 

fluorescence signal for variations in tissue optical properties was examined at the 700 

channel using IRDye 680RD. While some level of correction was achieved in it was seen 

that this task is more difficult when both scattering and absorption are varied. Other 

similar studies have reported greater success but these studies varied only absorption 

[22]. Finally, a method for the creation of informative and highly readable NIR color 

overlay images was detailed. This method utilizes a transfer function to convert 

fluorescence signal to an opacity value which it then used in the overlay of the 

fluorescence image. The importance of the conversion from raw fluorescence signal to an 

image that is most informative to the surgeon during FGS cannot be overstated.  
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Chapter 5 Analysis of maximum safe and usable excitation powers 

5.1 Introduction 

This chapter will examine the maximum permissible exposure (MPE) limits for 

tissue light dose as set forth by the ANSI standards. MPE limits will be explained as they 

apply to pulsed FGS systems in general and an analysis of the pulsed FGS system 

described in the previous chapter will also be included to demonstrate the safety of this 

system in terms of both skin exposure and inadvertent ocular exposure. As ANSI 

standards do not currently exist for the surgical cavity, several pre-clinical animal studies 

examining the safety of NIR light on brain tissue will be highlighted. While the analysis 

of ANSI skin limits may not be directly applicable to the surgical cavity, the same 

advantages that are seen for pulsed light in skin limits are likely to exist for future 

surgical cavity limits as the phenomena of reduced tissue heating with pulsed light exist 

regardless of which tissue is being exposed. The greater safety provided by lower energy 

NIR light is also apparent in this analysis where it is seen that tissue heating which is 

directly related to energy is thought to be the primary mechanism of potential damage. 

 In addition to the safety analysis of high fluence rates, the effects of the high 

fluence rates on the photobleaching of an NIR dye is also examined. Photobleaching is 

known to be a function of energy and this is demonstrated over a relevant range of 

fluence rates using IRDye 800CW. The ability to perform pulsed light imaging over 

substantial time frames at relatively high fluence rates with minimal photobleaching is 

demonstrated.  
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5.2 Analysis of Maximum Permissible Exposure Limits for Optical 

Radiation During Surgery 

5.2.1 Background 
 

In Chapter 4, a pulsed light fluorescence guided surgical (FGS) system was 

described  that provided enhanced tumor contrast in the presence of normal room lighting 

[25]. The principal concept behind this technology was the use of moderately high-

powered pulsed excitation light using short acquisition times, to specifically increase the 

excitation power relative to the room light power. This allows for the contribution of 

signal from background light be reduced to non-significant levels. Given that gated 

camera systems are able to acquire images on the order of nanoseconds, the approach is 

limited by the intensity of the light that can be administered, which is in turn limited by 

either the power of the light sources or the maximum safe levels. As the power available 

from the latest light sources continues to increase it becomes even more important to 

fully understand the health hazards and recommended limitations for delivery of light to 

tissue. In this study, a focused examination of this has been carried out as it pertains to 

surgical imaging. 

Maximum safe levels for optical radiation are specified by either the laser 

standards, Z136.1 – 2000 (ANSI) and IEC-60825 or by the lamp standards RP-27.1-05 

ANSI/IESNA and IEC-62471 [137,138]. The lack of a specific standard for light emitting 

diodes (LEDs) along with the significant advances in high-powered LEDs led to some 

debate as to which standard should be used. Prior to mid-2006 all LED applications were 

generally covered by the laser standard, however, this resulted in overly restrictive limits 
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and LEDs have since been moved under the lamp standard with the exception of LEDs 

used in data transmission where they are coupled to optical fibers [139,140].  

The primary factor resulting in overly stringent limits when using the laser 

standards was the treatment of LEDs as point sources rather than extended sources. This 

classification has a significant impact on exposure limits for the eye in particular, as the 

lens of the eye focuses incoming light on the retina with the size of the image on the 

retina directly related to the angle subtended by the source. 

While the standards provide guidelines for MPE to both the skin and the eye they 

do not provide guidelines for the exposure of an open surgical cavity. It is reasonable to 

assume that the safe limits for the exposer of soft tissue and organs would be higher than 

that of the skin. The skin limits may therefore be thought of as a preliminary investigation 

into what type of exposure may be safe in surgery. These limits will at least provide a 

number for which we may assume the surgical cavity will be lower. Additionally, an 

understanding of the skin limits may help understand or even inform future limits 

developed specifically for open surgical cavities. We will also look at preliminary pre-

clinical work that has been done in examining safe limits for exposure of brain tissue to 

NIR light. 

5.2.2 MPE Skin 
 

The difference between the laser standards and the lamp standards is not so 

pronounced when it comes to MPE for the skin. In the context of pulsed light for FGS it 

may be more appropriate to use the laser standard when looking at MPE for the skin or as 

a rough guide for what potential surgical cavity limits may look like. MPE values for 
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lasers are more restrictive and so may be used in place of the lamp standards. The reason 

for choosing the laser standard to determine skin limits is that the laser standard more 

specifically addresses the scenario that is found in pulsed light imaging for FGS, that is a 

train of pulses delivered to the tissue for an extended period of time. The lamp standard, 

RP-27.1-05, only provides limits for exposure durations up to 10 seconds noting that 

severe pain occurs below the skin temperature for skin injury and so exposure will be 

limited by comfort [141]. During surgical procedures the patient will be anesthetized and 

so one cannot rely on patient comfort levels. Additionally, analysis of the most restrictive 

standard available may be more appropriate considering that these limits are for skin and 

they are now being used for insight into possible limits for an open surgical cavity. 

The MPE for continuous illumination of skin is very straightforward. For 

wavelengths between 400 nm and 1400 nm, the maximum exposure shall not exceed 200 

mW/cm
2
. When the light is pulsed the calculation of MPE becomes more complicated. 

ANSI provides single pulse, multi-pulse and average power limits and these limits are a 

function of pulse width, pulse frequency and total duration of the pulse train.   

The single pulse limit as the name implies is applicable only to single pulses and 

as such can be disregarded for the purposes of our discussion. The multi-pulse limit, 

which protects against sub-threshold pulse cumulative injury will always be lower than 

the single pulse limit for any train of pulses. The average power pulse limit protects 

against cumulative injury from photochemical damage mechanisms and also against heat 

buildup, which is a function of average power and can lead to thermal injury. The 

average exposure over any train of pulses cannot exceed the 200 mW/cm
2
 allowable 
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under continuous illumination. Figure 5.1 displays the MPE per pulse for skin over a span 

of pulse widths from1µs to 10ms and 4 different frequencies. 

 

 

Figure 5.1 MPE limits for various pulse frequencies as pulse width changes. Plotted limits are the lowest of the 

multi-pulse and average power limits for select pulse frequencies. 

Considering video rate imaging at 30 Hz and a pulse width of 500µs the MPE is greater 

than 10,000 mW/cm
2
 ,which means that the irradiance for each pulse can be more than 50 

times that which would be allowed during continuous light imaging. At the same 

frequency and pulse widths of 1ms and 10ms MPE would be approximately 6660 

mW/cm
2
 and 666 mW/cm

2
 respectively. The pulsed system described in Chapter 2 is 

capable of providing up to a maximum of 360 mW/cm
2 
at 18cm with all four 630 nm 

LEDs overdriven at ten times the maximum continuous power and therefor does not 

exceed these exposure limits.  

5.2.3 Pre-Clinical Brain Tissue Exposure Safety Studies 
 

There is a growing interest in what is termed low-level laser therapy where NIR 

light is administered transcranially for therapeutic purposes, and this has led to several 
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detailed studies examining the safety of NIR light delivered to the brain. These studies 

suggest that fairly high fluence rates can be used without any neurological damage and 

also that pulsed light may be safer than CW for a given maximum power. The two most 

relevant studies in regards to exposure safety limits for the brain during FGS are 

summarized here. Both studies involved the transcranial application of NIR light but all 

fluence measurements reported are for those at the brain cortex not the skull. 

Chen et al. used an 808 nm GaAIAs diode laser (PhotoThera, Inc., Carlsbad, CA) 

to examine the safety of both pulsed (100 Hz / 20% duty cycle) and CW light at cortical 

average power densities of  11 mW/cm
2
, 22  mW/cm

2
, 55 mW/ and 111 mW/cm2 in New 

Zealand white rabbits. Three separate treatments lasting two minutes and separated by 

one hour were given. Cortical temperature measurements were taken during treatment 

and only those treated with the maximum dose of 111 mW/cm
2
 CW showed any 

temperature change (0.5 degree C increase). However, measurements made during pulsed 

light administration could not be determined conclusively due to limitations of the probe. 

Hematoxylin and eosin (H&E) staining was performed on tissue that had been irradiated 

with power densities of either 22 mW/cm
2
 CW or 111 mW/cm

2
 pulsed and showed no 

gross tissue necrosis or neural damage. The results of this study are summarized in Table 

5.1 below [142]. A similar study was performed by Ilic et al. also using 808 nm GaAIAs 

diode laser (PhotoThera, Inc., Carlsbad, CA). This was a fairly extensive study involving 

more than 100 Sprague-Dawley rats in which some were followed out to 70 days post 

treatment. Light was delivered at power densities of 7.5mW/cm
2
, 75mW/cm

2
, 

375mW/cm
2
 and 750mW/cm

2
 in either pulsed (70 Hz) or continuous wave (CW) mode 

and for a period of two minutes. Common behavioral tests were used and a modified 
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version of the Composed Basic Neurological Score (CBNS) was used to assess 

neurological deficits. H&E staining was also performed on a selection of animals. Only 

those animals treated with 750mW/cm
2 

CW showed any statistically significant decline in 

neurological function or histological damage. This damage was consistent with heating 

damage and the authors theorize that greater heat dissipation associated with pulsed light 

prevented damage to those treated with pulsed light. The results of this study are 

summarized in Table 5.2 [143]. 

Table 5.1 Summary of study performed by Chen et al. using New Zealand white rabbits [142]. All animals were 

given three separate two minute treatments at the specified power density separated by one hour. (na - not 

available) 

 

Table 5.2 Summary of study performed by Ilic et al. using more than 100 Sprague-Dawley rats [143]. All 

animals were given one two minute treatment at the specified power density. 
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While these animal studies are not ideal for the purpose of evaluating the safety of 

NIR light to the brain during FGS, they do represent a starting point for further work in 

this area. One primary problem with these particular studies is that exposure was only 

examined for periods up to two minutes while neurosurgical procedures can take upwards 

of eight hours. However, fluorescence excitation light would certainly not be focused on 

one particular area of the brain for this type of extended period of time. These studies 

seem to suggest that heating represents the primary safety concern and this certainly 

makes the use of pulsed light more appealing as tissue has time to dissipate heat between 

pulses with heat dissipation being a function of both pulse width and frequency. 

Additionally, if further thermal control is needed, requirements could be devised for 

establishing times between sets of pulses. This being said, the fact that up to 750 

mW/cm
2
 of pulsed 808 nm light could be delivered with no observable neurological 

damage for a period of two minutes is certainly promising in terms of the fluence rates 

that may be able to be used safely in pulsed light FGS. 

5.2.3 MPE Eye 
 

In consideration of MPE for the eye it is no longer the case that the light is 

purposely directed at the tissue or that the patient is the most susceptible to injury. The 

patient’s eyes will be closed and could be easily covered from all light. The concern in 

regards to eye exposure is that of indirect or inadvertent direct exposure of the surgeon or 

other personnel present in the operating room. In this scenario and considering the size of 

the source the lamp standard is most appropriate. 
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The lamp standard specifies specific exposure limits for ultraviolet and visible, 

near infrared and infrared radiation. Ultraviolet (UV) radiation will be ignored in this 

analysis, as the present goal is to examine the safety of light sources that either filter out 

or do not produce any UV radiation.  

The standard specifies separate limits that pertain to specific mechanisms of 

damage. These include the retinal thermal hazard exposure limit, the retinal blue light 

hazard exposure limit, the retinal blue light hazard exposure limit for small sources, the 

aphakic eye hazard exposure limit, the infrared radiation hazard exposure limit and the 

infrared radiation hazard exposure limit with weak visual stimulus.  This analysis will be 

limited to sources that subtend an angle greater than 11 mrad and as such will ignore the 

retinal blue light hazard exposure limit for small sources. The aphakic eye hazard 

exposure limit creates more restrictive limits on radiation exposure at or below 430 nm 

for individuals who have had cataract surgery (or otherwise lack a normal ocular lens). 

This limit will also be ignored as the focus is on pulsed light at higher wavelengths. The 

infrared radiation hazard exposure limit protects against thermal injury to the cornea and 

delayed effects to the lens of the eye at wavelengths from 770 nm to 3000 nm.   

In order to correctly assess the potential for injury base upon these recommended 

exposure limits it is extremely important that one has a full understanding of the 

measurements and calculations involved. This will allow for the proper determination of 

both irradiance and radiance at the pupil which will enable comparison to the specified 

limits.  One of the first parameters that must be determined is the angle at which the 

source subtends the eye. This is a geometric parameter and can be calculated by first 

determining the size of the source and then the distance from the source to the eye.  In 
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most situations optics will be used in conjunction with LEDs to direct light as desired.  

Optics have the effect of increasing the size of the apparent source as well as altering its 

perceived location. Measurements used in determining the subtended angle should be of 

the apparent source not the actual LED.  

In order to be the conservative the distance between the apparent source and the 

eye should be chosen to be at most 20cm as this is the near point or minimum focusing 

distance of the adult human eye. (Note: that ANSI uses 20cm while the European 

standards use 10cm which is the minimum focusing distance of a child or myopic 

individual) Objects closer than the near point cannot be imaged sharply and appear 

blurred as the image is distributed over a larger retinal area, resulting in a less hazardous 

situation. Once the size and distance of the apparent source is determined, the angular 

subtend,  , can then be calculated. Due to the physical limitations of the eye the 

minimum spot size that can be achieved is approximately 25µm which correlates to a 

minimum angular subtend of approximately 1.5 mrad  [144]. At the other extreme, which 

is more relevant to the present analysis, the measured angular subtend is greater than 100 

mrad and there is a limitation in radial cooling of the retina and as such a maximum 

angular subtend of 100 mrad should be used [145]. Once the appropriate value for alpha 

is determined, whether it be the measured  ,      or     , this value can then be 

converted to the solid angle,   as seen in the below equation 

 

5.1           
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Figure 5.2 provides an illustration of the geometry involved. The spectral irradiance at 

the eye must be measured and this is then divided by the solid angle,  , to obtain the 

spectral radiance [mW/cm
2
/sr/nm]. These parameters are then used to calculate the 

hazard exposures and compare them to the limits. 

 

 

Figure 5.2 Illustration of key measurements involved in determining retinal spot size for extended sources  

showing the eye at right and LED source at left. Distance between the source and the lens of the eye (dist.) as 

well as the diameter of the source (dia.) are used to measure the angular subtend and therefor determine retinal 

spot size. However, the conditions governing the current analysis result in the use of the maximum angular 

subtend of 100 mrad.   

 

In this analysis, a single SpecBright 630 nm LED area light (Prophotonix 

Inc.,Cork, Ireland), pulsed at a 30 Hz with a pulse width of 1ms, at a distance of 10cm 

and a total imaging time of 1 hour will be considered and compared to the applicable 

radiation limits. While the actual pulsed system introduced in Chapter 4 includes four 630 

nm LEDs, it would be physically impossible for multiple LEDs to focus on the same area 

at a distance as close as 10cm given the geometry of the system and so a single LED at 

10cm in fact represents the worst case scenario. The single LED configuration results in 

an angular subtend of 254 mrad (at 10cm) and as such the αmax value of 100 mrad is used 

for all calculations. The maximum power produced by the light at 10cm with no filters is 
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228 mW/cm
2
 as specified by the manufacturer.  The spectrum was recorded using a 

spectrophotometer and is shown in Figure 5.3. (Ocean Optics, QE65000) 

 

 

Figure 5.3 Spectrum of SpecBright 630 nm LED used for sample calculations of MPE to the eye. 

To protect against retinal thermal injury the burn hazard weighted radiance must 

be below the retinal thermal hazard exposure limit. The exposure limit is a function of the 

angular subtend, α, viewing duration or pulse duration if the light is pulsed and 

wavelength which comes into play via a weighting function. The calculations are limited 

to durations between 1µs and 10s and no description as to how to handle longer durations 

or how to handle repeated pulsing is given. The most conservative calculations for 

repeated pulsing would be to sum the duration of all pulses and use that as the viewing 

duration. This will be especially conservative for lower frequencies and shorter pulse 

widths where the retina would have the greatest cooling between pulses. The burn hazard 

weighting function is plotted in Figure 5.4 and it is seen that it is at is at its maximum 

value of 1.0 over the wavelength range of the 630 nm LED. At higher wavelengths the 

hazard would be reduced as evidenced by the decrease in the weighting function which 

begins around 700 nm. The radiance limit is shown in Figure 5.5 for a constant angular 
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subtend of 100 mrad, αmax, and viewing/pulse durations from 1µs to 10s. The spectrally 

weighted radiance of the SpecBright 630 nm LED is also plotted and shown to be below 

the limit out to about 8s where from 8-10s the limit is slightly exceeded.  

 

 

Figure 5.4 Spectral weighting functions for both blue light hazard and burn hazard  as published in the ANSI 

lamp standard. The maximum burn hazard is seen to be in the range of 400 – 700 nm whereas the maximum 

blue light hazard is seen in the range 400-500 nm.    

 

Figure 5.5 Retina thermal limits for 603 nm LED.  (A) Retina thermal limit is plotted for 630 nm light (blue 

solid) from 1us to 10s. Spectrally weighted radiance of 630 nm LED operated in CW mode (red dashed) can be 

seen to be below the radiance limit out to a time of approximately 8 seconds.  (B) Retina thermal limit is plotted 

for 630 nm light (blue solid) out to the equivalent of 10s CW exposure when using 1ms pulses at 30Hz. Spectrally 

weighted radiance of 630 nm LED operated in pulsed mode (red dashed) is seen to be below the radiance limit 

out to a time of over 4 minutes 

The viewing duration could be considered either the actual viewing duration for a 

continuous source or as the sum of all pulses for some pulse train that may last 

considerably longer depending on pulse width and frequency. Figure 5.5A shows that 
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there is no hazard if one were to view the LED continuously for up to 8s at full power. In 

reality the LED is pulsed and considering a pulse width of 1ms and a frequency of 30 Hz 

it would actually take the LED over 4 minutes to produce the equivalent energy of 8s 

continuous power as is depicted in Figure 5.5B. Additionally, the fact that this energy 

would be spread over a time period, more than 300 times longer, suggests that the actual 

safe limit in this scenario would be considerably greater. Accidental direct viewing could 

not reasonably be expected to in any way approach this time scale. A more realistic but 

still unlikely scenario might be direct exposure to a pulsed light for a single second 

before looking away, considering the same parameters of 30 Hz and 1ms pulse widths 

this would be the equivalent of viewing a continuous source for 0.03 seconds which 

would allow a radiance of up to 1.2 x 10
5
 mW/cm

2
/sr without exceeding the limit. This is 

roughly four times the radiance of the 630 nm LED examined and again does not take 

into account the longer duration of time over which this energy would be deposited. 

Another possible mechanism of damage to the eye is that from photochemical 

injury. The most dangerous wavelengths for this type of damage are in the blue range and 

so this is referred to as retinal blue light hazard.  The integrated spectral radiance is again 

multiplied by a weighting function (the blue light hazard function plotted in Figure 5.4).  

Separate limits exist depending on whether the exposure time is less than or greater than 

10
4
 seconds (~167 minutes).  The product of the blue light weighted radiance and LED 

energy is plotted alongside the blue light hazard limit for imaging times up to 10
4
 seconds 

in Figure 5.6A (CW mode) and Figure 5.6B (pulsed mode) . It is easy to see that the blue 

light hazard exposure limit would be very hard to reach with a pulsed red LED and it is 

clear that red LEDs of considerably more power than the one examined here could be 
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used safely. It is completely unrealistic that direct ocular exposure would ever come close 

to the time scales examined in Figure 5.6. 

 

Figure 5.6 Retina blue light hazard limits.  (A) Retina blue light hazard limit (solid blue) is plotted and seen 

above the spectrally weighted radiance (dashed red) of a single SpecBright 630 nm LED operated in CW mode 

out to a time of over 50 minutes. (B) Retina blue light hazard limit (solid blue) is plotted and seen to be well 

above the spectrally weighted radiance (dashed red) of a single SpecBright 630 nm LED pulsed at 30 Hz with 

1ms pulse widths out to a time of 166 minutes. 

 The infrared radiation hazard exposure limit covers wavelengths from 770 nm to 

3000 nm. For time periods exceeding 1000s the limit is fixed at 10mW/cm
2
, while limits 

for times below 1000s are displayed in Figure 5.7A. Looking at in Figure 5.7B, it is seen  

again that pulsing will result in exposure limits that are well above any that would be 

encountered due to accidental viewing. In Figure 5.7B exposure time represents the total 

time of exposure to the pulsed light and so actual energy deposited is only three percent 

of what it would be over the same time for CW. This is the same scenario seen in Figure 

5.5B and Figure 5.6B as well. 
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Figure 5.7 Infrared ocular irradiance limits for CW and pulsed light. (A) Irradiance limits for exposure to 770 

nm – 3000 nm infrared light under CW are plotted out to beyond 1000s where the limit reaches a minimum of 

10mW/cm2.  For a 1s exposure the limit is approximately 1800 mW/cm2 while at 10s it drops to 320 mW/cm2. (B) 

For a pulsed source utilizing 1ms pulses and a frequency of 30Hz it is seen that exposure limits are sufficiently 

high as to be a non-factor. For 10s of continuous viewing the limit is above 4400 mW/cm2. 

5.2.4 Conclusions 
 

The analysis provided here demonstrates that pulsed light imaging systems using 

high powered LED based near infrared light sources have the potential to deliver 

substantially greater excitation power than those using continuous illumination and still 

maintain exposure levels within safe limits. The pulsed LED system described in Chapter 

4 remains well below ocular limits provided by the ANSI lamp standard. The relatively 

narrow bandwidth of LEDs combined with the use of higher wavelength, lower energy 

radiation make exceeding ocular limits very difficult especially considering that we are 

really concerned with inadvertent exposure for which the duration of exposure would be 

minimal. This is a significant detail as one of the primary impetuses for the use of high-

powered pulsed light is to reduce changes and disruptions to workflow and the 

requirement of protective eyewear would certainly not be in line with this aim. Analysis 

of skin limits demonstrated one of the primary advantages of using pulsed light in that a 

considerably greater instantaneous power can be delivered with the extent of that increase 

depending on the fraction of time that the tissue is actually exposed. It was also seen that 
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the pulsed system described in Chapter 4 remains well below laser skin MPE limits for a 

wide range of pulsing scenarios and is right around the limit for continuous illumination. 

Despite the fact that limits for the surgical cavity will likely be considerably less than 

those for the skin the advantage of pulsing will likely remain as pulsing results in lower 

average power and thus decreased tissue heating. This has been seen in pre-clinical work 

using animal models where thermal damage that has occurred during CW exposure has 

been avoided with pulsed exposure. The graph in Figure 5.1 demonstrates that 

considerably higher-powered excitation systems could be developed that would still 

maintain exposure below safe limits for the skin for a variety of pulse widths and 

frequencies. We might envision further studies that lead to a similar type graph for the 

surgical cavity or even for different organs and tissues within the surgical cavity. 

5.3 Photobleaching and Linearity at High Fluence Rates 

5.3.1 Photobleaching 
 

Photobleaching is the photochemical destruction of a dye or fluorophore and 

some level of photobleaching will be unavoidable when employing fluorescence imaging 

as the very light used to excite the fluorophore will contribute to this phenomenon. There 

has been some concern expressed in the literature that the use of high excitation power in 

FGS will result in rapid photobleaching and thus should be avoided. Much of this 

concern references a study by Nakayama et al. where they reported a photobleaching 

threshold for IR-786 and IRDye 78 CA (Licor, Lincoln, Nebraska) of approximately 50 

mW/cm
2
 and demonstrated a rapid exponential decay of fluorescence signal at higher 
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fluence rates. They also reported that above 50mW/cm
2
, fluorescence did not increase 

linearly with increasing fluence rate [146]. Both of these observations would have the 

potential to substantially reduce the benefits of pulsed light imaging for FGS as one of 

the primary advantages of this approach is the use of relatively high fluence rates to 

increase fluorescence signal in relation to background. While this work examined only 

two distinct dyes it has been widely cited and the results broadly extrapolated to 

encompass all dyes of the heptamethine indocyanine class [20,129]. 

The photo stability of IRDye 800CW (Licor, Lincoln, Nebraska) was examined 

under a number of different fluence rates. IRDye 800 CW was diluted in DMSO 

(10mg/ml) as per the manufacturer’s instructions and then further diluted in PBS to 

obtain a 1.0uM solution.  Samples, 20ul in volume, were pipeted into plastic 0.5 ml 

Thermowell tubes (Corning Incorporated, Corning, NY) and the tubes were closed to 

avoid loss due to evaporation. Each sample was then imaged with the Pulsed system, 

exposed to some fixed level of 740 nm excitation light for some duration of time and then 

re-imaged. This process was repeated from 6 to 10 times for each sample with the 

durations of induced photobleaching inversely proportional to power levels. Induced 

photobleaching was conducted under a range of power settings from approximately 

7mW/cm
2
 to 593mW/cm

2 
while all imaging was performed using 3.4mW/cm

2
 excitation 

light. Photobleaching is an energy dependent phenomenon and so in order to properly 

compare photobleaching under varying power levels a conversion from power (mW/cm
2
) 

to energy (J/cm
2
) is needed. Figure 5.8A plots normalized fluorescence intensity versus 

previous light exposure in J/cm
2
 for each power level used.  There is substantial variation 

in the data with the total reduction in fluorescence intensity across all samples varying 
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from 16-27%. However, the total reduction in fluorescence signal does not appear to be 

related to the fluence rate used to induce photobleaching.  The entire data set was fit to an 

exponential decay (R
2
 = 0.88), which along with the 95% confidence bounds is shown in 

Figure 5.8A. The data from each fluence rate was also fit to individual exponential 

decays and the decay constants of those fits are plotted in in Figure 5.8B where it can 

clearly be seen that there is no discernable increase in photobleaching rate with increase 

in fluence rate. 

 

Figure 5.8 Photobleaching is seen to be a function of total energy deposited. (A) Normalized fluorescence 

intensity is plotted against total energy deposited in eight different samples which had photobleaching induced 

using distinct fluence rates.  Raw data is color coded to allow examination of individual fluence rate data. Entire 

data set is fit to an exponential decay (red line) with 95% confidence bounds shown in grey. (B) Data for each 

distinct fluence rate was fit individually to an exponential decay(mean R2=0.95) and the absolute value of the 

slope or rate of photobleaching [1/(J/cm2)] is plotted against induced photobleaching fluence rate. Rate of  

photobleaching does not appear to depend on fluence rate for the range of fluence rates examined. 

The results are considerably different from those reported by Nakayama et al. as 

there does not appear to be any photobleaching threshold. Additionally, the decrease in 

fluorescence intensity with previous energy exposure per unit area (J/cm
2
) can be fit 

reasonably well to an exponential decay with the intensity of the light (mW/cm
2
) having 

no apparent influence on the level of photobleaching. 
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The level of photobleaching seen is not particularly extreme either as the average 

decrease in intensity following the equivalent of 30s of continuous exposure to 

593mW/cm2  (18,000 J/cm
2
 )is only about 25% for the 1.0µM sample. While a 25% 

decrease in fluorescence yield following just 30 seconds of excitation light exposure may 

seem problematic, in the context of pulsed light imaging this may not be the case. The 

total duration of exposure in pulsed light imaging is a function of pulse width, frequency 

and imaging time. If one considers using 1ms pulse widths and imaging at 30 frames per 

second (fps), it would take approximately 17 minutes to achieve the equivalent tissue 

exposure seen in just 30s of CW imaging at the same intensity.  

5.3.2 Linearity of Fluorescence with Excitation Fluence 
 

One of the primary advantages to using pulsed light in FGS is that it allows for 

the delivery of higher instantaneous fluence rates. This is the result of both the ability to 

overdrive LED sources and the advantage of reduced tissue heating. Higher fluence rates 

should result in increased fluorescence signal and this increase should be linear over 

some range [147]. Any loss of linearity in the range of expected power levels that might 

be used would reduce the advantage of using high intensity pulsed light.  The linearity of 

IRDye 800CW fluorescence with excitation power was examined for fluence rates from 

7mW/cm
2
 to 593mW/cm

2
. A 20ul sample of 0.1uM IRDye 800CW in PBS was placed in 

plastic 0.5 ml Thermowell tube (Corning Incorporated, Corning, NY) and imaged 

sequentially at 7, 15, 30, 59, 118, 237, 474 and 593mW/cm
2
. The raw data and linear fit 

(R
2
 = 0.997) are plotted in Figure 5.9 where it can be seen that fluorescence intensity 

remains linear with excitation power over the entire range examined.  
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Figure 5.9 Fluorescence intensity versus excitation power  is plotted over a range of excitation powers from 

7mW/cm2 to 593mW/cm2. The data is shown to be linear over this range (R2 = 0.997). 

5.3.3 Conclusions 
 

Analysis of IRDye 800CW has demonstrated moderate photobleaching that is 

linear with energy deposited and does not appear to be influenced by the rate of energy 

deposition (in the range of 7mW/cm
2
 to 593 mW/cm

2
).  Additionally, fluorescence 

intensity has been shown to be linear with excitation power over this same range. Both of 

these findings are not surprising given the basic physical understanding of fluorescence, 

but their experimental verification over this range of excitation powers and with a 

potentially clinically relevant fluorophore remains important as the development of 

pulsed light FGS moves forward. This analysis suggests that higher excitation fluence 

rates may be successfully used to achieve greater fluorescence signals in FGS without 

prohibitive levels of photobleaching. There is actually a distinct advantage to pulsed light 

in regards to photobleaching as total energy imparted in tissue can be reduced through 
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pulsing for the same power level without any loss of signal as excitation during actual 

image acquisition remains the same. 

5.4 Summary of Excitation Power Limits 

 The advantages of pulsed light imaging for FGS hinge in part on the ability to 

deliver relatively high levels of NIR light to tissue. An examination of the ANSI 

standards for both skin and ocular exposure has demonstrated that pulsed light has a 

distinct advantage in that it can deliver higher instantaneous power while remaining 

below safe limits. Power levels high enough to enable sub-millisecond fluorescence 

imaging under significant background light are achievable without the need for surgical 

personnel to wear protective goggles. Additionally, pre-clinical work suggests that these 

power levels can be safely administered to tissue as sensitive as the brain. The issues of 

photobleaching and linearity of fluorescence signal with concentration at higher fluence 

rates was also examined and again  a distinct advantage to using pulsed light is seen as 

well as no discernable threshold for either photobleaching or loss of linearity. 
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Chapter 6 Analysis of background room light levels and strategies to 

maximize fluorescence detection under high background light  

6.1 Introduction 

The pulsed FGS system introduced in Chapter 4 relies on high-powered 

illumination to produce fluorescent signals that are detectible above the background light 

produced by normal fluorescent room lights. The theoretical concepts behind this were 

detailed in Chapter 4.2.  This chapter will examine exactly how strong these background 

light signals are at the two pulsed system NIR channels as well as explore strategies to 

optimize imaging capabilities under these conditions. 

Initial testing consisted of measuring the power, spectrum and temporal signal 

from various background light conditions and experimenting with acquisition settings to 

determine optimal performance. The effect of pulse width, LED overdriving and camera 

gain were examined under normal fluorescent lab room light conditions as well as under 

intense light from a tungsten halogen surgical lamp. Analysis and testing from a brightly 

lit operating room (OR) demonstrated the infeasibility of standard pulsed light imaging 

under these conditions due to the large periodic variation in background light signal. The 

concept of using this periodic background signal to trigger image acquisition will be 

introduced here and tested at both channels. It is shown that room light based triggering 

can both reduce background light contribution and also greatly reduce signal fluctuation 

enabling fluorescent imaging under lighting conditions that would otherwise be 

impossible. This technique is absolutely essential for using the pulsed system in an actual 

OR where overhead fluorescent lights are considerably stronger than standard room 

lighting. 
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6.2 Analysis of normal background room light and its effect on the 

pulsed FGS system at 700 nm channel 
 

The advantages provided by the use of high-powered pulsed light sources vary 

considerably depending upon the intensity and spectrum of background light. 

Background illumination within typical laboratory or OR is generally provided by 

fluorescent overhead white lights. The intensity and spectrum of these lights can vary 

considerably with the intensity found within a typical OR considerably greater than that 

found in a standard lab setting. The background light in a typical laboratory will be 

examined here and its influence on the pulsed FGS system at the 700 channel explored. A 

power meter was used to estimate average power to be 34.5µW/cm
2
. Temporal 

measurements were also taken at a sample rate of 48kHz using a photodiode (DET10A Si 

Based Detector 200-1100 nm, ThorLabs) and data acquisition board (NI DAQ 6009) with 

the resulting temporal signal displayed in Figure 6.1A. The spectrum from the overhead 

room lights (Sylvania Octron XP 17W 3500K ) was recorded with a spectrometer (Ocean 

Optics, QE 65000) and is provided in Figure 6.1(A&B). It can be seen that there is 

substantially 
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Figure 6.1 Characteristics of fluorescent light signal in standard laboratory. (A) Temporal signal from standard 

laboratory is displayed and demonstrates a noisy, but relatively low signal which averages less than 35 µW/cm2 

and varies by less than 3µW/cm2. (A and B) Spectrum recorded in the same standard laboratory is displayed on 

a linear scale (A) and log scale (B). Signal at 700 nm can be seen to be substantially larger than that at 800 nm. 

Laboratory used a series of Sylvania Octron XP 17W 3500K overhead fluorescent lights. 

greater signal in the vicinity of 700 nm than in the vicinity of 800 nm. Readings taken 

using a power meter (ThorLabs) where the sensor was covered by a 700 nm 40BP filter 

(Omega) and then an 800 nm 40BP filter (Omega) produced measurements of 5.0 and 0.4 

µW/cm
2
, respectively, within the area of imaging (these are the emission filters used in 

the pulsed system). This amounts to an approximately 12-fold greater background signal 

at the 700 channel than at the 800 channel. Given these results it would be expected that 

the use of short integration times and pulsed light would provide greater benefits when 

looking at lower wavelength (i.e. 700 nm) fluorophores.  

A set of tissue simulating phantoms composed of water, 1% intralipid and 0.024% 

India ink (µa=0.05cm) were constructed with serial dilutions of IRDye 680RD. These 

phantoms were examined under a number of different camera and LED settings in order 

to evaluate the detection limit capabilities under different configurations.  

A selection of IRDye 680RD phantom images is shown in Figure 6.2 under 

different acquisition settings. The lowest detection levels and best contrast to noise ratios 

(CNR) were found using either short, sub millisecond gate widths, full gain and LED 

overdriving or at substantially longer exposure times of 100ms or greater. These results 
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suggest that while imaging using the 700 channel in normal lab room light is feasible 

without pulsing or intensifier gain, the time required to obtain comparable images is 

substantially longer and will preclude video rate imaging. As these images are 

background subtracted a gate width of 100ms in fact requires 200ms to acquire both 

images and so has a maximum frame rate of 5 frames per second (fps). 

 

Figure 6.2 Background subtracted images of tissue simulating phantoms  (water, 1% intralipid, 0.024% India 

ink) containing concentrations of IRDye 680RD from 2.0 nM down to 0.5 nM (0 nM control) are displayed for 

different camera gain settings, gate widths and LED intensities. (A) 100% gain / 0.5ms gate width / 10x 

overdriving. (B) 100% gain / 1.0ms gate width / 10x overdriving. (C) 100% gain / 4.0ms gate width / no 

overdriving. (D) No gain / 10ms gate width / no overdriving. (E) No gain / 100ms gate width / no overdriving. 

Visual examination of the images shows that the signal at 0.5  nM is superior at the shorter gate widths that 

allow overdriving (A and B) or at the significantly longer exposure time of 100ms (E). This is confirmed by the 

contrast to noise ratios (CNR) shown on the right for the 0.5 nM concentrations. 

 The series of phantoms discussed here show that imaging at the 700 channel in 

normal room light is feasible without using short gate widths to suppress background 

signal. However, there is a large cost associated with this in terms of imaging time. It 

must also be realized that these studies were carried out in a normally lit lab and as 

discussed previously surgical operating rooms typically contain higher-powered 

fluorescent lights and so background signals can be expected to be greater than those seen 

in these preliminary studies. The feasibility of this type of imaging in an actual surgical 

OR will be explored further in Chapter 6.4. 
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6.3 Analysis of tungsten halogen surgical lamp and its effect on pulsed 

FGS system at the 700 channel 
 

 The tungsten halogen surgical lamp is currently the standard in the operating 

room although there is some movement toward the use of LED surgical lamps. Surgical 

lamps produce high powered, uniform illumination with minimal shadowing providing 

the surgeon with a clear, bright and consistent view of the surgical cavity. The spectrum 

and temporal signal of the Sylvania 150P25/2SB clear silver bowl spot lamp was 

examined and the results are plotted in Figure 6.3. Output from the lamp is periodic at 

120Hz as shown in Figure 6.3A, but amplitude variations are relatively small in 

comparison to average power (less than 10% variation about the mean). The spectrum, 

plotted in Figure 6.3 (B&C), shows considerable power in the 700 nm and 800 nm ranges 

as is to be expected from a tungsten halogen lamp. It is clear that fluorescence imaging 

under background illumination from this type of light source would be particularly 

challenging. It is not essential to be able to do so as the surgical lamp can readily be 

turned off without disrupting workflow. However, the performance of the pulsed FGS 

system at the 700 channel is examined under these conditions none the less. 
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Figure 6.3 Characteristics of signal from tungsten halogen surgical lamp. (A) Temporal signal from tungsten 

halogen incandescent surgical lamp demonstrates 120Hz output. (B and C) Spectrum from the same surgical 

lamp is displayed on a linear scale (B) and log scale (C). (Sylvania 150P25/2SB clear silver bowl spot lamp) 

 The same series of IRDye 680RD phantoms described in the previous section 

were imaged with the surgical light directly illuminating them. Power measurements 

(details described in previous section) showed 290 µW/cm
2
 at the 700 nm channel with 

the surgical light set to half power. Several different camera settings were tested to get an 

idea of what the optimum settings might be under this types of extremely high 

background light condition. A series of images were taken at gate widths of 10µs, 20µs 

and 40µs with the intensifier gain set to 100% as well as at 1ms with no gain. A box and 

whisker plot from the images taken at 40µs is shown in Figure 6.4A where significant 

variation between images can be seen and this contributes to the higher detection limits 

that were observed as compared to what was seen under normal fluorescent background 

light. Detection limits here are defined as the lowest concentration where the box and 

whiskers from the fluorescent images and the background images do not overlap. Figure 

6.4B shows neither a reduction in gate width and continued use of gain nor an increase in 

gate width to 1ms and a disabling of gain improved limits of detection. 
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Figure 6.4 Minimal detectible concentrations under high intensity surgical lighting. A box and whisker plot 

displaying the variation in signal across thirty fluorescent images (upper boxes in each column) and thirty 

background images (lower boxes in each column) is shown in (A) The central lines are the medians while the 

edges of the boxes are the 25th and 75th percentiles. Minimum detectible signals for other camera settings are 

shown in (B) where it can be seen that further reduction in gate width resulted in decreased performance, as did 

the elimination of gain and an increase in gate width to 1ms. 

 

6.4 Analysis of high intensity overhead fluorescent lights in the surgical 

OR and pulsed FGS imaging under these conditions 

6.4.1Temporal and spectral analysis of overhead fluorescent lights and 

triggering via background light signal 
 

Gated acquisition and high intensity pulsed light has been shown to enable video 

rate fluorescence imaging in normal room light by allowing suppression of background 

light while maintaining fluorescence signal through the overdriving of excitation light.  

However, this technique is still limited by the power, temporal variation and noise 

associated with the background light which limits its use in a brightly lit operating room. 

Analyses of signal from fluorescent overhead lights (Sylvania FO32/735/ECO) in two 

actual surgical ORs indicate considerably higher power than is seen in a typical office or 

lab environment as well as a substantial periodic signal fluctuation. The power and signal 

fluctuation are great enough that they would overwhelm any clinically relevant 
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fluorescent signal. A power meter (PM100, ThorLabs,) was used to estimate average 

power in the two rooms to be 182 and 124 µW/cm
2
. Temporal measurements were also 

taken at a sample rate of 48kHz using a photodiode with both ORs displaying strong 

periodic fluctuations at 120Hz or double the electric power frequency. Periodic signal 

from the two ORs is plotted in Figure 6.5A. Spectral measurements (QE 65000, Ocean 

Optics) were also taken and those are plotted in Figure 6.5(B&C) where it is seen that 

substantially greater signal is present in the 700 nm range than in the 800 nm range as 

expected. 

 

Figure 6.5 Characteristics of fluorescent light signal in a brightly lit OR.  (A) Temporal signal from two different 

ORs is displayed clearly showing the periodic nature of the signal and the 120 Hz frequency. (B and C) 

Spectrum recorded in OR is displayed on a linear scale (B) and log scale (C). Signal at 700 nm can be seen to be 

substantially larger than that at 800 nm. Both ORs used a series of Sylvania FO32/735/ECO overhead 

fluorescent lights. 

 Initial testing of the pulsed FGS system at the 700 channel demonstrated an 

inability to effectively image fluorescence within either OR under the lighting conditions 

described here. Fluorescence signals for pathologically relevant concentrations of both 

IRDye 680RD and PpIX were completely overwhelmed by background light signal. A 

large background signal does not necessarily prohibit effective fluorescence imaging, but 

fluctuations in background signal that are on the order of fluorescence signal will 

preclude standard imaging techniques. The problem is avoided if acquisition times are 

long enough that the periodic nature of the background signal averages out. However, a 
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frequency of 120Hz translates to a period of 8.3ms, which means that this will not be the 

case for sub-millisecond acquisition times or likely even acquisition times substantially 

longer than 8.3ms, although choosing acquisition times to be some multiple of 8.3ms and 

thereby encompassing some whole number of full periods may help mitigate the problem. 

Large fluctuations in background signal make it impossible to simply subtract this signal 

off as has been done previously under lower intensity and more stable lighting conditions. 

However, these fluctuations can be eliminated regardless of acquisition time by 

synchronizing the gated acquisition to the frequency of the background light. 

Additionally, actual background intensity can be minimized by timing acquisition to 

occur when background light signal reaches its lowest point. This technique has the 

potential to enable pulsed FGS imaging without any alteration to standard OR lighting.   

The pulsed system was configured to allow triggering directly from an input 

signal provided by the background room lights. An operational amplifier (Op Amp, 

Texas Instruments, LM741) was used to amplify the voltage provided by a photodiode 

(DET10A Si Based Detector 200-1100 nm, ThorLabs) which was positioned to monitor 

background room lights. The amplified analog signal was then sampled via a DAQ board 

(NI USB-6351, X Series DAQ). The NI-6351 is capable of sending multiple digital 

triggers based on an analog input and this can be done from entirely within the hardware. 

It had previously been attempted to sample and trigger using the NI-6009 DAQ, but this 

requires software based timing, which is not consistent enough to accurately keep pace 

with the room light signal at 120 Hz. The signal level used to trigger image acquisition 

was adjusted to time image acquisition to the period of minimum background signal.  

This increases the fluorescence signal relative to background and also has the potential to 



153 

 

further improve system performance as depending upon the particular setup may enable 

longer imaging times, higher camera gain, or greater excitation power before saturation 

occurs. 

6.4.2 Background light based triggering at the 700 nm channel 
 

Fluorescence detection levels in the OR (surgical room 1) were tested using liquid 

tissue simulating phantoms. Serial dilutions of IRDye 680RD (1% intralipid and 0.01% 

India ink for µa = .02cm
-1

 and µs’ = 24cm
-1

) were examined under a variety of acquisition 

settings. The standard method that had been used previously to successfully image both 

IRDye 680RD and PpIX under normal lab lighting conditions was unsuccessful under 

these conditions. This method used 1ms gate widths, 10X overdriving of LEDs, full 

camera gain and background subtraction. With acquisition times of only 1ms, strong 

background light signal and large signal fluctuations at 120Hz, fluorescence signals are 

overwhelmed by variations in detected background signal.  This can be clearly seen in 

Figure 6.6A where a series of 50 images were taken at each fluorophore concentration 

and box and whisker plots for the background subtracted signals are shown. There is 

overlap between the boxes all the way out to a concentration of 3.9 nM and the inability 

to distinguish concentrations in the absence of averaging a large number of images is 

obvious. The implementation of room light based triggering is able to alleviate this 

problem. This can be seen if Figure 6.6B where the same acquisition settings are used but 

this time triggering is either based on room light signal (offset left) or imaging is done in 

complete darkness (offset right). The reduction in signal variation is drastic and the 

background subtracted signals using room light based triggering are nearly identical to 
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those seen when imaging in a completely darkened room. These results are tremendously 

promising as far as the potential to perform FGS in a well-lit OR are concerned. 

 

 

 

Figure 6.6 Detection in OR with and without room light based triggering.  (A&B) Box and whisker plot of 

background subtracted signal for series of 50 images taken at each IRDye 680RD concentration from 0 to 3.9 

nM. This is for 1ms gate widths, full camera gain and 10X overdriving of the LEDs. (A) Images taken in the OR 

with no room light based triggering. (B) Images taken in the OR with room light based triggering (offset left) 

and images taken in complete darkness (offset right). For all box and whisker plots the central red line is the 

median, box edges are the 25th and 75th percentile. 

 Background subtraction is essential to enabling room light based triggering to 

compare with imaging in the absence of ambient. While the signals displayed for the two 

techniques shown in Figure 6.6 are comparable, it must be realized that this is following 

background subtraction. In reality, the signals recorded under ambient light for both the 

fluorescent image and the background image are considerably higher than those seen in 

the darkened room. It is only after the background image is subtracted from the 

fluorescence image that the two become comparable. In a dark room or under lower 

intensity ambient light, background subtraction is less critical or even unnecessary as the 

background signal is generally so much lower than the fluorescence signal that variations 

are inconsequential. That is not the case in the well-lit OR where background light signal, 
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even when using room light based triggering, will generally be greater than fluorescence 

signal and so variations across the imaging field which occur due to both variations in 

tissue optical properties and field inhomogeneity must be corrected for. Background 

subtraction provides a relatively simple method of doing this.  

Figure 6.7A allows comparison of fluorescence and background signal for the 

0.25 nM IRDye680RD phantom (averaged over 50 images) both with and without room 

light based triggering as well in the darkened room. It is seen that while room light based 

triggering reduces  the contribution from background light by approximately 35%, 

background signal still constitutes the majority of the detected signal as compared to the 

darkened room where it is only a small fraction (less than 7% and known to be both 

nearly constant and uniform across the field). As long as real-time background 

subtraction can be performed this should not constitute a problem. However, image gate 

widths as well as the time between background and fluorescence acquisitions can have a 

significant influence on the quality of background subtracted images. This is especially 

true in a surgical context where the surgeon may be manipulating tissue or creating 

shadows over the imaging field. Under conditions of high background signal 

contribution, changes to the imaging field during image acquisition or between 

background and fluorescence images have the potential to significantly corrupt 

background subtracted images. This would be true even under conditions where 

background signal levels were constant.  

 



156 

 

 

Figure 6.7 (A) Average background and fluorescence signal levels from 50 images of  0.25 nM IRDye 680RD 

phantom all acquired using 1ms gate width, full camera gain, and 10x LED overdriving. Center and left bars are 

from images acquired in full OR background light with and without room light based triggering respectively. 

Right bar is for images acquired in complete darkness. (B) Average background and fluorescence signal levels 

from 30 images of  0.25 nM IRDye 680RD phantom at various gate widths all using no camera gain and no LED 

overdriving. Note that fluorescence signal at 40ms is present but barely visible in plot. 

 The inability to perform pulsed light imaging under the OR lighting conditions 

described here, without the use of room light based triggering, is a consequence of using 

acquisition times that are only one eighth the period of the room light signal. Longer 

acquisition times encompassing multiple periods would be expected to average out the 

temporal variation in room light background while selection of acquisition times that are 

multiples of the room light period would also be expected to reduce signal fluctuation. 

The potential of fluorescent imaging under the described lighting conditions using longer 

acquisition times was examined with acquisition times of 10,  20,  40,  100 and 200 ms 

tested.  

The effect of acquisition time on background signal variation can be seen in 

Figure 6.8A where the standard deviations from 30-50 background images using various 

acquisition settings are divided by the corresponding average signal and compared. The 

drastic reduction in variation resulting from room light based triggering is easily 
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observable as is the reductions in variation as gate width is increased from 1ms all the 

way out to 200ms. However, this plot does not tell the whole story as the quality of 

background subtracted fluorescence images is really more a function of the level of 

background variation in relation to the fluorescence portion of the signal. Figure 6.8B 

shows the standard deviation from background images divided by the fluorescence 

portion of signal for the 0.25 nM IRDye 680RD phantom. Here it can be seen that despite 

the reduction in background signal variation that is seen with some of the longer 

acquisition times, these longer acquisition times also see a lower fraction of signal from 

fluorescence (see Figure 6.7 for a comparison of background to fluorescence signals) and 

as a result, fluorescence signal can still be overwhelmed by background signal variation. 

This is not the case for short, 1ms, gate widths utilizing room light based triggering 

where standard deviation of background signal is less than 7% of fluorescence signal at 

0.25 nM. 
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Figure 6.8 Signal fluctuation relative to mean background and fluorescence levels at the 700 channel. (A) The 

standard deviations of the background signals at the 700 channel for a variety of image acquisition settings (30-

50 images at each setting) have been divide by the actual background signal at that setting and plotted. 

Acquisition settings are shown below each bar. (B) Here the same standard deviations of the background signals 

at the 700 channel have been divided by the fluorescence contribution calculated from a 0.25 nM IRDye 680RD 

phantom. Settings are again shown below each bar. It can be seen that while standard deviation as a fraction of 

background signal as seen in (A) may be quite low for some of the longer exposure times this is not the case 

when considering standard deviation as a fraction of fluorescent signal which is the more relevant metric. This is 

a result of the much lower fluorescence to background ratio seen at longer imaging times. 

While the 40ms gate widths and lower show standard deviations that are more 

than 30% of fluorescence signal, those at 100ms are considerably lower and as such 

100ms or longer gate widths might be considered for FGS under these conditions. The 

results of using extended acquisition times can be seen in Figure 6.9 where box and 

whisker plots for 30-50 images taken at 40ms (A) and 100ms (B) gate widths are 

compared to those taken using room light based triggering and in the dark both (both at 

1ms) (C). While the 40ms gate width images show inferior detection capabilities as was 

expected those at 100ms are comparable to the 1ms gate width images. However, even 

though 100ms acquisition times may enable detection in this type of testing environment 

they are not practical in an actual surgical environment and would likely suffer degraded 

performance due to changes in the imaging field during the time need for acquisition. In 
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addition, the use of 100ms acquisition times results in a maximum frame rate of just five 

frames per second.  

 

Figure 6.9 Detection in OR under different imaging parameters at the 800 channel.  (A,B&C) Box and whisker 

plot of background subtracted signal for series of 30-50 images taken at each IRDye 680RD concentration from 

0 to 0.98 nM. This is for 1ms gate widths, full camera gain and 10x overdriving of the LEDs. (A) Images taken in 

the surgical OR with no room light based triggering, 40ms gate width and no camera gain. (B) Images taken in 

the surgical OR with no room light based triggering, 100ms gate width and no camera gain. (C) Images taken in 

the surgical OR with room light based triggering (offset left) and images taken in complete darkness (offset 

right). Both sets of images taken using full camera gain and 10x overdriving of the LEDs. For all box and 

whisker plots the central red line is the median, box edges are the 25th and 75th percentile.  

6.4.3 Background light based triggering at the 800 nm channel 
 

Fluorescence detection levels in the surgical OR (surgical room 1) at the 800 nm 

channel were tested in the same manner as those described in the previous section for the 

700 nm channel. Serial dilutions of IRDye 800RD (1% intralipid and 0.01% India ink for 

µa = .02cm
-1

and µs’ = 24cm
-1

) were examined under a variety of acquisition settings. 

Despite reduced background light signal at the 800 nm channel as compared to 

the 700 nm channel the same problem created by the large 120Hz fluctuations make 

standard sub-millisecond pulsed imaging impractical at lower fluorophore concentrations. 

This can be seen in Figure 6.10A where a series of 50 images were taken at each 

fluorophore concentration and box and whisker plots for the background subtracted 

signals are shown.  Room light based triggering was again able to alleviate this problem 

as illustrated in Figure 6.10B where the same acquisition settings are used but this time 
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triggering is either based on room light signal (offset left) or imaging is done in complete 

darkness (offset right). The situation is similar to what was seen at the 700 channel where 

again, reduction in signal variation is drastic and the background subtracted signals using 

room light based triggering are nearly identical to those seen when imaging in a 

completely darkened room.  

 

Figure 6.10 Detection in OR with and without room light based triggering at the 800 channel. (A&B) Box and 

whisker plot of background subtracted signal for series of 50 images taken at each IRDye 800CW concentration 

from 0 to 3.9 nM. This is for 1ms gate widths, full camera gain and 10x overdriving of the LEDs. (A) Images 

taken in the surgical OR with no room light based triggering. (B) Images taken in the surgical OR with room 

light based triggering (offset left) and images taken in complete darkness (offset right). For all box and whisker 

plots the central red line is the median, box edges are the 25th and 75th percentile. 

 While background light fluctuations at the 800 nm channel are still significant 

enough to interfere with sub-millisecond pulsed light imaging in the absence of room 

light based triggering, overall signal in this channel is reduced by more than an order of 

magnitude as compared to the 700 channel.  Background and fluorescence signals for the 

1ms acquisition settings explained previously, both with and without room light based 

triggering as well in the dark are shown in Figure 6.11A for a 0.25 nM concentration of 

IRDye 800CW.  As a result of these lower background signals, the use of longer 

acquisition times at the 800 channel may show greater promise than at lower 

wavelengths. Acquisition times were increased to 10 and 20ms while camera gain was 
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maintained at its maximum and the resulting signal contributions for the same 0.25 nM 

phantom are seen in Figure 6.11B. The problem is that background variation is still quite 

large in relation to fluorescence signal contribution even at these longer 10 and 20ms gate 

widths. In Figure 6.12A the standard deviations from 30-50 background images using 

various acquisition settings are divided by the corresponding average background signal 

and compared. While in Figure 6.12B the standard deviation from background images 

divided by the fluorescence portion of signal for the 0.25 nM IRDye 800CW phantom. 

The results are similar to what was seen in the 700 channel where there is a clear 

advantage to pulsed imaging at 1ms using room light based triggering. 

 

 

Figure 6.11 (A) Average background and fluorescence signal levels in the 800 channel  from 50 images of  0.25 

nM IRDye 800CW phantom all acquired using 1ms gate width, full camera gain, and 10x LED overdriving. 

Center and left bars are from images acquired in full surgical OR background light with and without room light 

based triggering respectively. Right bar is for images acquired in complete darkness. (B) Average background 

and fluorescence signal levels from 50 images of  0.25 nM IRDye 800CW phantom at various gate widths all 

using full camera gain, but no LED overdriving.  
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Figure 6.12 Signal fluctuation relative to mean background and fluorescence levels at the 800 channel.  (A) The 

standard deviations of the background signals at the 800 channel for a variety of image acquisition settings (30-

50 images at each setting) have been divide by the actual background signal at that setting and plotted. 

Acquisition settings are shown below each bar. (B) Here the same standard deviations of the background signals 

at the 700 channel have been divided by the fluorescence contribution calculated from a 0.25 nM IRDye 800CW 

phantom. Settings are again shown below each bar. It can be seen that while standard deviation as a fraction of 

background signal as seen in (A) may be quite low for some of the longer exposure times this is not the case 

when considering standard deviation as a fraction of fluorescent signal which is the more relevant metric. This is 

a result of the much lower fluorescence to background ratio seen at longer imaging times. 

6.4.4 Summary of considerations for FGS in a brightly lit OR 
 

Fluorescence imaging for surgical guidance within a brightly lit OR presents a 

number of challenges that are not present in other fluorescence imaging scenarios. There 

are a number of factors that contribute to the detection capabilities and quality of 

background subtracted images that can obtained in a brightly lit OR. The capability to 

achieve video rate imaging is extremely important as this is the current norm for FGS and 

surgeons are unlikely to accept anything less. However, as high background signal in 

relation to fluorescence signal necessitates the use of background subtracted images this 

becomes more difficult. In this scenario video rate requires 60 frames per second (fps) 

rather than the usual 30fps. Even so this may not be the driving force for limiting gate 

widths and acquisition times. Successful background subtraction requires that the only 
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difference between background and fluorescence images stem from the excitation light 

present during the fluorescence image acquisition. Considering a surgical environment in 

which movement from the surgeon or others around the FOV has the potential to create 

shadows, in addition to the fact that the surgeon will actually be manipulating tissue, it is 

critical that image sets be acquired rapidly if background subtraction is to be successful.  

 Increasing fluorescence signal in relation to background signal is important for 

minimizing the influence of inevitable variations in background signal on the final 

background subtracted images that are displayed. Changes in acquisition time will have 

the same effect on both background and fluorescence signal and so in and of itself does 

not provide a method of doing this. However, choosing short (sub-millisecond) gate 

widths enables overdriving of LEDs which increases fluorescence to background ratios. 

Additionally, the use of short gate widths and room light based triggering allow images to 

be acquired during background light minimums which also increases fluorescence to 

background ratios.  

 The reduction in background light variation is essential for imaging in the brightly 

lit OR. While longer acquisition times provide a means of doing this they are impractical 

for FGS. The alternative of minimizing background signal fluctuation using room light 

based triggering enables drastic reductions in signal fluctuations. The use of short, sub 

millisecond, gate widths and room light based triggering present a number of other 

advantages for FGS as previously discussed and really may well represent the most 

promising approach. Figure 6.13 provides a graphical illustration of the confounding 

factors and possible approaches discussed here for establishing a method of enabling FGS 

within a well-lit OR. 
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Figure 6.13 Graphical presentation of imaging parameters.  FGS within a brightly lit OR presents a number of 

challenges and decisions that must be carefully considered in the development of a successful approach to this 

unique problem. Some of the most important are presented here. 

6.5 Conclusions 

 The performance of the pulsed light system was evaluated under a variety of 

background light conditions. The system is capable of imaging under the less intense 

background light conditions found in standard laboratory setting. However, background 

fluorescent light levels found in an actual OR are substantially higher and demonstrate 

large amplitude changes at a frequency of 120Hz. Under these conditions sub-millisecond 

fluorescent imaging is hampered by extreme fluctuations in detected background signal 

as compared to fluorescence signal. While longer exposure times which allow the 

periodic fluctuations in background signal to be averaged out can enable fluorescence 

imaging under these conditions they are not practical for FGS. The technique of using the 

periodic room light signal to trigger image acquisition has been shown to drastically 

reduce background signal fluctuations as well as enable images to be acquired at the 

background light minimums. The technique performs so well that background subtracted 

images acquired using 1ms gate widths, full camera gain, and maximum LED 

overdriving are comparable to those acquired in a completely dark room. The use of 
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room light signal to trigger image acquisition will enable FGS to be performed using 

pulsed light in a brightly lit operating room with minimal impact on performance.  
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Chapter 7 Pulsed System Using Pre-Clinical Animal Models 

7.1 Preliminary study for surgical resection of gliomas using PpIX 

7.1.1 PpIX imaging for glioma resection 
 

One of the most well developed areas for FGS is in its application to glioma 

resection.  FGS has shown tremendous promise in numerous clinical trials and has 

become the standard of care for the resection of gliomas in several European countries, 

and may reach this level in the US [8]. In a phase III trial, Stummer et al. reported a 

doubling of the complete resection rate in glioblastomas under FGS, leading to 

widespread neurosurgical adoption in Germany [9]. These studies utilize the 

administration of 5-aminolevulinic acid (5-ALA), which is a precursor to protoporphyrin 

IX (PpIX) in the heme biosynthesis pathway [65,66]. The selective synthesis of PpIX in 

high-grade gliomas as compared to the normal brain [7,67] is able to produce florescence 

contrast that has been used to reduce surgical margins, with levels as high as 6 to 1 being 

reported [9,68]. Additionally, Valdes et al. have shown that fluorescence contrast can be 

detected even in low-grade gliomas, albeit at lower contrast levels than with high grade 

disease [69].  

While these techniques have shown tremendous promise the widespread adoption 

to the clinic may be slowed by a number of factors. One of which is the fact that remitted 

fluorescence signal from tissue can be overwhelmed by room lighting at the wavelength 

range (~700 nm) required to image PpIX fluorescence. This has been discussed at length 

in Chapter 6. The end result is that current state-of-the-art wide field commercial FGS 
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systems for PpIX imaging require the operating room lights be turned off or severely 

dimmed during fluorescence mode imaging [15,18,20,22]. The lighting change 

requirements in the operating room interrupt clinical workflow and reduce the appeal of 

the technology to practicing surgeons.  An FGS system capable of imaging PpIX under 

normal room light conditions with high detection sensitivity would represent an 

important advance that could accelerate acceptance of this type of technology. The pulsed 

light imaging system introduced in Chapter 4 was designed to do just this. In Chapter 

4.10.1 sensitivity for PpIX was compared directly to that of the Zeiss Pentero and the 

pulsed system was shown to be more sensitive even when imaging under normal ambient 

light. Here the pulsed system is evaluated for PpIX imaging using a murine glioma model 

and compared directly to the Pentero. 

7.1.3 Comparison of PpIX imaging: Pulsed System vs. Zeiss Pentero  
 

The performance of the pulsed imaging system and the Zeiss Pentero during 

tumor resection of gliomas was compared.  Orthotopic U251-GFP tumors were implanted 

in athymic nude mice 19 days prior to surgical imaging (see Chapter 2.3 for a detailed 

description of implantation procedures). To confirm the presence of tumors, gadolinium-

enhanced MR images were acquired one day prior to surgery.  For surgical imaging, mice 

were injected with 100 mg/kg of 5-aminolevulinic acid (ALA) IP two hours prior, which 

leads to accumulation of PpIX in tumor cells. Animals were anesthetized using 

isoflurane, placed in a stereotactic frame, and the skull cap removed to expose the brain. 

Mice were then imaged with the pulsed FGS system under room lights and the Pentero 

operating microscope in the dark.   
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The mouse in Figure 7.1(A-D) was used to demonstrate in vivo imaging with the 

pulsed FGS system under room light conditions. The T1-weighted gadolinium-enhanced 

MR image exhibiting a tumor around 400 mm
3 

and below the surface is shown in Figure 

7.1A. No fluorescence enhancement was observed prior to resection with the Pentero 

system (Figure 7.1B); however, the deeper penetration of red light from the pulsed FGS 

system revealed sub-surface tumor tissue (Figure 7.1C). As resection proceeds and tissue 

above the tumor is removed, a clear increase in fluorescence is evident as the tumor is 

exposed (Figure 7.1D), demonstrating the highly sensitive, video rate, and subsurface 

detection potential of the pulsed imaging approach.
  

Other mice in the study were sacrificed following initial in vivo imaging, brains 

were extracted and sliced into four coronal sections, which were then imaged with both 

systems, processed for histology into formalin fixed paraffin embedded sections, and 

H&E stained. A representative case is shown in Figure 7.1(E-H). Ex vivo images in 

Figure 7.1G and Figure 7.1H show the presence of a fluorescent sub-surface mass with 

both systems, which was confirmed as tumor with the corresponding H&E slide (Figure 

7.1E and F). 
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Figure 7.1 Images from two separate mice with orthotopic U251 glioma.  (A) Pre-operative MRI T1- weighted 

with Gadolinium contrast (red arrow indicates tumor location). (B) In vivo image of exposed brain using the 

Pentero. (C) Background subtracted fluorescent in vivo image of exposed brain from the current system prior to 

any resection, and (D) following resection and exposure of the tumor.  Brain sections (E and F) stained with 

H&E, (G) imaged with the Pentero and (H) imaged with current pulsed-light system. (All pulsed-light 

fluorescent images overlaid on Pentero white light images use overlay method described in detail in Chapter 

4.12 and were obtained with room lights on) 

7.1.4 PpIX Results and discussion: Pulsed vs Pentero systems 
 

These results suggest that pulsed imaging and gated detection can be deployed to 

facilitate FGS using PpIX under ambient lighting conditions and without the need for 

specialized room-light filtering.  The system described herein was shown to be sensitive 

to lower concentrations of PpIX than the current state-of-the-art commercial fluorescence 

surgical microscope as detailed in Chapter 4.10.2.   Interpretation of sensitivity studies 

must take into account the difference in excitation wavelengths used by the two systems. 

The Pentero excites in the blue where PpIX excitation is far more efficient than in the 

red. (30-fold higher molar extinction coefficient at 405 nm than at 630 nm) Additionally 

hemoglobin absorption at 405 nm is 600-fold greater than at 630 nm. (Monte Carlo 

simulations showed that the remitted fluorescence intensity should be 2-3 fold higher 

using 405 nm vs. 630 nm excitation.) Even with this disadvantage, the gated system had a 

far lower detection limit, which reinforces the value of pulsed imaging. Monte Carlo 

results also showed that 405 nm excitation produced substantially more surface-weighted 
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measurements, with an average depth of fluorescence origin at 0.15 mm vs. 1.02 mm for 

630 nm excitation.  These results further demonstrate the advantage of red light excitation 

for the detection of sub-surface tumor sites.   

Improved sensitivity during surgical resection of tumor is critical. Valdes et al. 

reported in vivo visual detection of PpIX with the Pentero down to ~1.07 uM, while in 

vivo quantitative human data indicated a requirement for a detection threshold of 0.18 uM 

(roughly 6X lower) in order to provide positive predictive values in excess of 90% and a 

detection threshold of ~0.02 uM (roughly 60X lower) in order to achieve sensitivities in 

high grade gliomas of >90%. These studies demonstrated that advanced optical detection 

techniques for PpIX fluorescence that achieve improved sensitivity will positively impact 

the diagnostic accuracy of FGR, suggesting the need for more sensitive technologies 

(advanced quantitative techniques, 87% accuracy vs. visible techniques, 66%, p < 

0.0001) [19,148,149]. The pulsed FGS system demonstrated detection to the level of 0.25 

uM in realistic phantoms. Additionally, the UV Gen II sensor used here has quantum 

efficiency (QE) of only 6% at 700 nm while other available sensors have QEs up to 35% 

at 700 nm, which should improve these results even further.  

One limitation evident from the direct comparison with the Pentero in this study is 

the poor resolution of the current pulsed-light system. Part of the reason for this is that 

this study was performed using a 24mm F1.8 lens (Sigma, Ronkonkoma NY). At the 

operating distance and field of view used in these experiments this lens was extremely 

suboptimal and resulted in significant cropping.  Optimization of lens selection to take 

advantage of the full size of the ICCD sensor for the desired operating distances and 

FOVs used will result in significantly improved resolution.  Further improvements could 
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be achieved with the use of the imaging version of the same camera, the PI-MAX 3-

1024i, in which the pixels are half the size.  Detailed analysis of system resolution using a 

70mm lens (Sigma 70mm f2.8) is provided in Chapter 4.4. 

The system and concepts described herein show considerable potential for 

enabling highly sensitive PpIX fluorescence imaging under normal room light conditions 

and also for detecting fluorescence at some depth in vivo. These advances may have 

considerable impact on improving efficacy in fluorescence guided neurosurgery as well 

as in moving the technology into the clinic.  

7.2 Surgical resection of gliomas using EGFR Affibody – IRDye 800CW 

A significant portion of this work has focused on the potential use of targeted 

tracers for FGS in cancer resection. Chapter 1 details a number of both commercial and 

research level imaging systems with the capabilities to image these new tracers and also 

provides some insight and background into the new generation of targeting proteins and 

NIR dyes. Chapter 2 compares delivery of two epidermal growth factor receptor (EGFR) 

targeted tracers within an orthotopic  murine glioma model and highlights the potential 

advantages of a smaller Affibody-IRDye 800CW conjugate and  Chapter 3outlines the 

potential of these types of tracers with the proper interpretation to provide true molecular 

level imaging. The other primary focus of this work has been the development and testing 

of the pulsed light imaging system which was introduced in Chapter 4. In Chapter 4.10.1 

sensitivity in the 800 channel for IRDye 800CW was compared to that of the Zeiss 

Pentero and shown to be greater even when imaging in the presence of normal ambient 

room light. Here the 800 and IR channels of these two systems are again compared, but 
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this time using an orthotopic murine glioma model and the anti-EGFR Affibody-IRDye 

800CW conjugate. 

The effectiveness of anti-EGFR Affibody – IRDye 800CW conjugates to 

delineate tumor from normal tissue is explored using both the pulsed system and the 

Zeiss Pentero. A dose escalation study is performed where doses consisting of the 

minimum microdosing level of 0.13 nmols, 0.3 nmols, and 0.6 nmols are examined (see 

Chapter 3.3 for an explanation of microdosing). The pulsed system displays increasing 

tumor to background ratios with increasing Affibody-IRDye 800CW dose as well as 

increasing area under the curve (AUC) from ROC analysis. The Pentero system, which is 

not optimized for imaging IRDye 800CW, was unable to provide any meaningful 

measurements due to high levels of specular reflection. 

Mice were also injected with 100mg/kg of 5-aminolevulinic acid (ALA) to allow 

comparison of the targeted tracer signal to that from PpIX fluorescence using the pulsed 

system. PpIX signal produced relatively high tumor to background ratios and ROC 

analysis showed excellent tumor discrimination ability with a mean AUC value of 0.93. 

These results further support the initial testing done with this system (detailed in Chapter 

7.1) which suggested excellent potential for PpIX imaging to aid glioma resection using 

this system.  

7.2.1 Materials and Methods 
 

Protein labeling of anti-EGFR Affibody to IRDye 800CW was performed using 

the same procedure outlined in Chapter 2.2. All animals used were female nude mice 

implanted orthotopically with U251- GFP tumor cells. Implantation procedures follow 
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those previously describe in detail in Chapter 2.3 and all animals were used in accordance 

with an approved protocol and the policies of the Institutional Animal Care and Use 

Committee (IACUC). All mice injections of 5-aminolevulinic acid (ALA) were 100 

mg/kg and administered intraperitoneal (IP) between two and four hours prior to 

sacrifice. Injections of anti-EGFR Affibody – IRDye 800CW were administered 

intraveinously (IV) via the tail vein one hour prior to sacrifice. Four mice served as 

controls and received no injections, two mice received 0.13 nmol Affibody- IRDye 

800CW, six mice received 0.3 nmols of Affibody- IRDye 800CW and five mice received 

0.6 nmols of Affibody-IRDye 800CW. All animals were injected, sacrificed and imaged 

at some point between three and five weeks post tumor implantation. All imaging used 

for statistical analysis was performed using ex vivo tissue slices. Brains were extracted, 

frozen at -20C and sliced into 1-2mm coronal sections, which were then imaged with 

both systems, processed for histology into formalin fixed paraffin embedded sections, 

and H&E stained. Images were also taken of whole brains prior to sectioning and those 

are used only for image display as not all animals had tumors close enough to the surface 

to allow visualization prior to sectioning.  

7.2.2 Imaging of Affibody-IRDye 800CW with pulsed system 
 

 Whole brains were imaged using the RGB, GFP and 800 channels of the pulsed 

system. A number of larger tumors could readily be seen using the GFP channel and also 

displayed strong signal at the 800 channel. An example of one sample with both large 

GFP and 800 signals is displayed in Figure 7.2 using the overlay method described in 

Chapter 4.12. Here the RGB image on which the 800 channel is overlaid was acquired 
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using the pulsed system and three separate images taken with distinct red, green and blue 

filters.  

 

Figure 7.2 Creation of 800 channel  NIR color overlay.  (A) The transfer function used to map fluorescence 

intensity to opacity for NIR color overlay image is plotted. (B) GFP image clearly showing a large tumor in 

bright white on the left side of the brain. (C) NIR color overlay image with fluorescence false colored in green 

and overlaid on RGB image acquired with the pulsed system. 

 

 Following the whole brain imaging sequence, the extracted brains were then 

frozen and sectioned and each section imaged separately. Tumor segmentation was 

carried out using a GFP-guided threshold; i.e., all pixels having a GFP signal greater than 

six standard deviations above the mean of the contralateral region were regarded as tumor 

and all those below were regarded as normal brain. Signal from both the contralateral 

region and the tumor region in each section were determined and used to compute tumor 

to background ratios. Receiver Operating Characteristic (ROC) curves were also created 

for each section and the AUC determined. All data for individual slices were averaged to 

determine a single value for each mouse and mice were then grouped according to 

injected dose. Figure 7.3 displays a series of box and whisker plots showing the results of 

this analysis. In Figure 7.3A the background subtracted signal is displayed for each group 

for both the contralateral or background region and the tumor region. A clear trend is 

observable, in which signal increases with injected dose for both the background and 
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tumor regions. The tumor to background ratios are displayed in Figure 7.3B and they too 

are seen to increase with injected dose. Finally, Figure 7.3C displays AUC from ROC 

analysis and again an increase with injected dose is seen.  

Mean values as well as standard deviations for each group plotted in Figure 7.3 

are displayed in Table 7.1. Larger variance is seen in the 0.3 nmol and 0.6 nmol groups, 

but this variance stems largely from single outliers with very high signal in each of these 

groups. While large variations in signal for both tumor and background regions existed 

between mice, when these regions were examined for individual mice, tumor to 

background ratios showed statistically significant differences over the control for both the 

0.3 nmol and 0.6 nmol injected groups (p-values of 0.033 and 0.029 respectively from 

standard two-tailed equal variance t-test). Additionally statistical significance was seen 

for the AUC of both these groups as compared to the control groups (p values of 0.009 

and 0.015 from standard two-tailed equal variance t-test). Statistical significance was not 

seen for either of these metrics for the 0.13 nmol group although it must be noted that this 

group contained only two animals. 
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Figure 7.3 Results from IRDye 800CW dose escalation study.  (A) Background subtracted signal (counts) is 

plotted for both the contralateral region (labeled bkg and offset left) and the tumor region (labeled tum and 

offset right) for control mice (no injection) and EGFR Affibody-IRDye 800CW injected mice. (B) Tumor to 

background ratios for each group. (C) Area under the curve (AUC) from receiver operator characteristic (ROC) 

curves is plotted for each group. For all box and whisker plots used central red line is the median, box edges are 

the 25th and 75th percentile. 

 

Table 7.1  A summary of anti-EGFR Affibody-IRDye 800CW dose escalation data from the 800 channel.  Means 

and standard deviations [counts] of background subtracted signals for tumor and background regions, tumor to 

background ratios and AUC from ROC analysis are displayed for each group of mice along with the number of 

mice in each group.  

Dose Tumor Background

Tumor to 

Backround AUC 

Number of 

Animals

Control 290±110 310±55 0.92±.24 0.54±.20 4

0.13nmol 400±100 320±10 1.09±.27 0.75±.10 2

0.3nmol 730±510 500±230 1.38±.29 0.85±.09 6

0.6nmol 1020±700 650±300 1.47±.34 0.87±.10 5  
 

The variability seen within each group of mice is not unusual for animal 

experiments of this nature. Tumor size may play a large role in tracer uptake as larger 

tumors can be expected to have more extensive blood brain barrier (BBB) breakdown and 

as such may enable enhanced delivery of targeted agents and thus improved tumor 

contrast. A more detailed discussion of the BBB and breakdown within tumors can be 

found in Chapter 2.  

Expression levels within the same tumor line are known to vary considerably 

between animals and this variation will certainly influence tracer retention and thus the 

recovered signal levels [150]. This same type of variation can be expected to be seen 



177 

 

clinically and this certainly highlights one of the limitations inherent in the use of 

targeted imaging agents [104,105]. The efficacy of specifically targeted imaging agents 

or therapies may display tremendous inter patient variability due to differences in cell 

surface receptor expression levels between patients. Indeed this has already been seen in 

numerous targeted antibody therapies where patients are now routinely biopsied prior to 

antibody treatment to determine likely responders based on receptor levels [104,105]. 

This type of approach may be beneficial when considering the use of targeted tracers for 

FGS as well. That being said, the data reported here clearly suggests that microdose 

levels are unlikely to provide useful contrast for FGS using the current pulsed system. 

The larger doses performed significantly better and certainly show some promise for 

FGS. However, the detection limits of this system do not appear to be on par with those 

seen when using the Licor Odyssey scanner as was done for the study detailed in Chapter 

2 where 0.1 nmol injections provided significant contrast. The Odyssey uses raster 

scanning lasers producing a high intensity excitation spot that is coupled to avalanche 

photodiodes for detection enabling extremely high light pickup. The advantage provided 

by this geometry which enables local sampling of each spot would be difficult for any 

wide field imaging system to compete with considering the larger working distance and 

the lower overall source intensity across the surface inherent in any wide field system. 
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7.2.3 Imaging of Affibody-IRDye 800CW with Zeiss Pentero IR 

Channel 
 

 The IR channel on the Zeiss Pentero INFRARED™ 800™ surgical microscope 

was developed to enable intraoperative visual assessment of blood flow and vessel 

patency during arteriovenous malformation (AVM), bypass and aneurysm surgery. The 

INFRARED 800 is indicated for use in neurosurgery, plastic and reconstructive 

procedures and coronary artery bypass graft surgery [151,152]. The IR channel uses 

special filters for excitation in the 700 – 780 nm wavelength range and display in the 820 

– 900 nm wavelength range. As such it is well suited for the imaging of indocyanine 

green (ICG) which has an absorption peak in plasma in the vicinity of 807 nm and an 

emission peak around 822 nm [1,3]. However, these wavelengths are less ideal for the 

imaging of IRDye 800CW. The emission channel is about 30 nm off of the IRDye 

800CW emission peak and towards the higher wavelength emission range. Additionally, 

ICG can be repeatedly administered IV and in relatively large doses enabling easy 

visualization of blood vessels. In comparison localization of IRDye 800CW within tumor 

regions would be expected to be at considerably lower concentrations. The direct 

comparison between the Pentero INFRARED 800 and the pulsed system for sensitivity to 

IRDye 800CW that was detailed in Chapter 4.10.1 demonstrated superior detection limits 

for the pulsed system.  Despite these obvious challenges the feasibility of imaging anti-

EGFR targeted Affibody-IRDye 800CW conjugates for guidance during cancer resection 

with the INFRARED 800 was examined. 

 The tissue sections imaged using the pulsed system were re-frozen and then 

imaged using the Pentero INFRARED 800. However, detection at the low concentrations 
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present within the tissue samples prove infeasible. The primary problem was the high 

level of specular reflection from tissue samples that bleeds through on the IR channel. 

Specular reflection completely dominates signal and overwhelms any contrast from 

variations in fluorophore concentrations that may be present. While this could be avoided 

during the phantom studies where the samples were perfectly flat, this could not be 

avoided with actual tissue samples. The high levels of specular reflection can be seen in 

Figure 7.4 where white light images of three tissue slices are shown above their 

corresponding IR images. The switch to the IR channel results in some shift in the 

position of the specular reflection. This is best illustrated by the leftmost images which 

were specifically chosen for this purpose. The other images clearly show the dominance 

of specular reflection and are representative of all the IR images acquired using either 

50% illumination or 100% illumination power. In order to use the Pentero INFRARED 

800 for imaging IRDye 800CW at pathologically relevant concentrations modifications to 

the filtering system would be required. 
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Figure 7.4 Ex vivo white light and fluorescence images from the Zeiss Pentero. White light images of select tissue 

sections from the Pentero Infrared 800 are displayed above corresponding images from the IR Channel. 

Specular reflection is seen to dominate contrast in the IR images limiting the ability of the Pentero Infrared 800 

to image IRDye 800CW at pathologically relevant concentrations. 

7.3 Further PpIX studies using the Pulsed System  

 All but two of the non-control mice detailed in Chapter 7.2 were also injected 

with 100mg/ml of ALA and imaged on the 700 channel of the pulsed system. Tumor 

segmentation and analysis was performed in the same manner as describe in Chapter 7.2  

and an overlay of the same whole brain used in Figure 7.2 (800 channel)  is shown in 

Figure 7.5 for the 700 channel.  

 

 

 

Figure 7.5 NIR color overlay of PpIX signal. The transfer function used to map fluorescence intensity to opacity 

for NIR color overlay image is plotted. (B) GFP image clearly showing a large tumor in bright white on the left 

side of the brain. (C) NIR color overlay image with fluorescence false colored in pink and overlaid on RGB 

image acquired with the pulsed system. 
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Considerable contrast was observed between tumor regions and surrounding 

tissue for the majority of animals imaged with the results displayed in Figure 7.6. In 

Figure 7.6A the background subtracted signal is displayed for both the contralateral or 

background region and the tumor region in both the control and injected animals. The 

tumor to background ratios are displayed in Figure 7.6B. Finally, Figure 7.3C displays 

the AUC from ROC analysis. Mean values and standard deviations for all metrics are 

displayed in Table 7.2. Statistical significance between the control and ALA injected 

group was seen in both tumor to background ratio as well as in AUC from ROC analysis. 

(p-values of 0.007 and 0.002 respectively from standard t-test) Additionally, statistical 

significance was seen between the tumor and background regions of the injected animals 

as well as between the tumor regions of the injected animals and tumor regions of the 

control animals (p-values of 0.0002 and 0.007 respectively from standard t-test). These 

results serve to bolster the findings from the initial preliminary in vivo comparison 

between the pulsed system and the Zeiss Pentero which was detailed in Chapter 7.1 [25]. 

There it was simply demonstrated that PpIX visualization could be accomplished with the 

pulsed system. Here we have seen statistically significant results from the same mouse 

model, further demonstrating the potential of this system to perform PpIX imaging in 

normal ambient light. 
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Figure 7.6 Results from PpIX studies.  (A) Background subtracted signal (counts) is plotted for both the 

contralateral region (labeled bkg and offset left) and the tumor region (labeled tum and offset right) for control 

mice (no injection) and mice injected with ALA (100mg/kg). (B) Tumor to background ratios for each group. (C) 

Area under the curve (AUC) from receiver operator characteristic (ROC) curves is plotted for each group. For 

all box and whisker plots used, central red line is the median, box edges are the 25th and 75th percentile. 

 

Table 7.2 A summary of results from ALA injected mice imaged on the 700 channel for PpIX fluorescence. 

Means and standard deviations [counts] of background subtracted signals for tumor and background regions, 

tumor to background ratios and area under the curve (AUC) from ROC analysis are displayed for both the 

control and ALA injected group. 

Dose Tumor Background

Tumor to 

Backround AUC 

Number of 

Animals

Control 1340±650 1200±300 1.12±.47 0.60±.23 4

100mg/ml 5500±2500 1900±700 2.8±1.0 0.93±.11 11  

 

7.4 Conclusions from in vivo / ex vivo imaging with pulsed system 

 The pulsed light system has demonstrated its ability to provide adequate levels of 

contrast for ALA induce PpIX imaging to aid in glioma resection under normal ambient 

light. Direct comparisons with the Zeiss Pentero demonstrated superior sensitivity as 

detailed in the phantom study presented in Chapter 4.10.2. Here it was seen that detection 

of PpIX both in vivo and ex vivo was comparable again to the Pentero despite imaging 

being performed under ambient room light. Analysis of data from a 15 animal study 

demonstrated statistically significant tumor to background ratios as well as an average 

AUC from ROC curves of 0.93. While these studies were all performed under ambient 
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room light in a lab setting, the analysis provided in Chapter 6 supports the assertion that 

these same results could be obtained by the pulsed system in a fully lit OR using room 

light based triggering. This should provide a distinct advantage over current commercial 

technologies and greatly aid the transition of FGS into the clinic. 

 While the potential of targeted tracers for FGS has been discussed throughout this 

work and specifically the anti-EGFR Affibody –IRDye 800CW conjugate, here the 

feasibility of this approach was demonstrated for the first time with the pulsed system. 

While microdose levels appear too low to provide adequate contrast, tumor delineation 

was seen at the higher doses of 0.3 nmols and 0.6 nmols. Statistically significant tumor to 

background ratios were seen for both dose levels and ROC analysis provided average 

AUCs of 0.85 and 0.87. Fairly large variation was seen between animals and superior 

performance in some animals may be due to higher EGFR expression levels. As such this 

technique may be best suited for tumors known to highly express the target cell surface 

receptor. Again the performance of the pulsed system in a fully lit OR, utilizing room 

light based triggering as described in Chapter 6, would be expected to be the same as 

what was seen here under normal ambient room light in a standard lab.  
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Chapter 8 Conclusions and future work 

8.1 Conclusions from the present work 

 Fluorescence molecular imaging is poised to make a significant clinical impact in 

the area of guided oncology surgery. Emerging technologies hold the promise of 

providing the surgeon with real-time molecular information to guide resection. These 

technologies include a new wave of targeted molecular probes as well as the fluorescence 

imaging systems themselves. The present work has reviewed the current state of the art in 

terms of probe development and testing as well as the new breed of imaging systems 

specifically designed for FGS. While PpIX imaging has shown tremendous promise in 

the surgical resection of gliomas, alternative methods of creating contrast are garnering 

considerable interest. A great deal of the focus has been towards the development of NIR 

probes specifically targeted to receptors that are known to be overexpressed on cancer 

cells. These probes are often composed of a targeted protein conjugated to an NIR 

fluorophore. While other concepts are also under development, it has been the 

molecularly targeted protein -NIR dye conjugate that has been the focus of much of this 

work. Surgical systems under development have focused on providing wide field imaging 

capabilities for multiple wavelength fluorophores. There has also been an interest in 

multi-spectral imaging, tissue optical property correction and the ability to image under 

ambient light conditions. Additionally, the importance of displaying high quality 

fluorescence images overlaid on white light images to enable fluorescence to be seen 

within the proper anatomical context is well recognized. 
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 The array of targeted probes available is quite vast and includes both antibodies 

and antibody fragments as well as a number of smaller engineered proteins. The blood 

brain barrier (BBB) presents specific challenges for FGS in glioma resection and will 

likely influence optimal probe selection. The delivery of two EGFR targeted proteins 

conjugated to NIR dyes was compared in a murine glioma model. The small engineered 

Affibody demonstrated superior delivery to the tumor edges as compared to the full sized 

antibody, cetuximab. It is hypothesized that this is due to the smaller protein being able to 

better penetrate areas of only partial BBB breakdown and as such this probe may be 

better suited for marking the tumor edges during glioma resection. 

 True molecular imaging is more complicated than simply administering a 

molecularly targeted agent and then imaging that agent some time later. There are a 

number of confounding factors that influence delivery and retention that are not related to 

molecular expression levels or target affinity. To combat this problem and enable true 

receptor level imaging a dual tracer technique was developed that utilizes a second non-

targeted tracer to correct for non-target related differences in probe concentrations. The 

theoretical concepts behind this technique as well as the compartmental modeling on 

which it is based have been outlined. The approach was validated in vivo using a mouse 

model and several tumor lines with known differences in EGFR expression levels.  

 The pulsed light fluorescence guided surgical system was introduced in Chapter 4 

and the remainder of this work was devoted to this system and the concepts behind it. 

The pulsed system utilizes an array of LEDs for fluorescence excitation, an assortment of 

filters for wavelength separation and an intensified CCD (ICCD) camera for fluorescence 

detection. The primary impetus behind this system is to enable highly sensitive 
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fluorescence imaging for FGS under the high background light conditions typically found 

in an operating room.  The use of sub-millisecond gate widths enables overdriving of the 

LEDs thereby reducing background signal contribution. The use of pulsed light also has 

advantages in terms of the fluence levels that can be safely delivered to tissue. The 

periodic nature of fluorescent background room light signal (120Hz) enables room light 

based triggering to capture images at the point of minimum background signal as well 

eliminate the signal variations due to these periodic room light fluctuations. The 

sensitivity of the pulsed light system for both PpIX and IRDye 800CW is shown to be 

superior to that of the commercially available, Zeiss Pentero, even when used under 

normal ambient background light in a standard lab. Further in vivo studies using a murine 

glioma model demonstrate the capabilities of the pulsed system to image both PpIX and 

anti-EGFR Affibody – IRDye 800CW conjugates under these same background light 

conditions. A dose escalation study examined tumor contrast using anti-EGFR Affibody 

– IRDye 800CW at doses of 0.13 nmols (minimum microdose level), 0.3 nmols and 0.6 

nmols. Results suggested that minimum microdose levels would not be enough to 

establish significant contrast for surgical resection, but higher doses did provide 

significant contrast. 

8.2 Continuation of this work 

 The present work encompasses important developments for molecular level 

imaging for fluorescence guided surgery in terms of modelling, probe testing and system 

development. However, it represents only the initial stage of these technologies and there 

exists a definitive motivation to have this work developed further if it is to truly provide a 
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clinical impact. The development of the reference tracer method to enable imaging at the 

receptor level has tremendous potential, but has not yet been successfully tested in the 

surgical context. This represents a clear next step for this work. Additionally, while the 

pulsed system has demonstrated high levels of fluorescence sensitivity under conditions 

of a brightly lit surgical OR using room light based triggering, this has not been 

demonstrated in tissue either in vivo or ex vivo as all animal experiments were performed 

under the significantly lower ambient light conditions of a standard lab. This capability 

should be demonstrated not only with still images but also at video rate during actual 

surgical resection.  While a number of significant advantages provided by the use of 

pulsed light have been illustrated throughout this work, the potential safety issues 

associated with higher fluence rates have not been definitively addressed. While the use 

of pulsed light has an advantage in comparison to CW in terms of reduced heating of 

tissue, the actual safe limits for light doses to the surgical cavity, organs and tissue need 

to be established. This will enable optimization of systems in terms of excitation as well 

as pave the way for this technology to enter the clinic.  
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