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ABSTRACT 

 A high frequency ultrasound-coupled fluorescence tomography 

system, which was primarily designed for imaging protoporphyrin IX 

production in skin tumors in vivo, is demonstrated for the first time.  

Protoporphyrin IX is an endogenous, fluorescent molecule produced naturally 

in the heme biosynthesis pathway, with enhanced production in many 

cancerous tumors.  The design couples non-contact fiber-based spectral 

sampling of the protoporphyrin IX fluorescence emission with high frequency 

ultrasound imaging, allowing the fluorescence intensity of multiple regions to 

be quantified. The system measurements are obtained by serial illumination 

of 4 linear source locations, with parallel detection at each of 5 interspersed 

detection locations, providing 20 overlapping measures of sub-surface 

fluorescence from both superficial and deep locations in the ultrasound field.  

Tissue layers are defined from the segmented ultrasound images, and 

diffusion theory is used to estimate the fluorescence in these layers.  The 

system calibration is presented with simulation and phantom validation of the 

system in multi-layer regions.  Pilot in vivo data are also presented, showing 

recovery of subcutaneous tumor tissue values of protoporphyrin IX in three 

subcutaneous tumor lines, which all display less fluorescence than the skin.  

All results have been validated with ex vivo fluorescence measurements in 

situ.  Future use of this device involves in vivo imaging of skin tumors to allow 

visualization of the structure and protoporphyrin IX production.  
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Chapter 1: Introduction 

1.1 Overview  

 The primary goal of the work done in this thesis is to develop an optical 

system to image the concentration of an endogenous optical fluorescent 

contrast agent, Protoporphyrin IX, in skin and subcutaneous tumors with 

additional depth compared to previous systems.  This system will be of 

assistance in photodynamic therapy research, and will also allow monitoring of 

fluorophore levels over time in vivo.  The system also has potential uses 

beyond photodynamic therapy, such as for guiding tumor resection based upon 

the fluorescence.  The technological idea behind this study is to use anatomical 

information from high-frequency ultrasound to guide the solution of the 

fluorescence image.  This multimodality imaging system approach will combine 

the strengths of each technique, ultrasound and fluorescence detection, to allow 

low-cost and timely quantification and visualization of Protoporphyrin IX below 

the surface of the skin. 

1.2 Background 

 Skin cancer cells are known to endogenously produce a fluorescent 

porphyrin called Protoporphyrin IX (PpIX), and additional production can be 

induced when aminolevulinic acid (ALA) is applied either topically or through 

systemic administration [1-3].  Quantifying this fluorescence from skin and skin 

tumors is a critically important research area in dermatology for optimizing 

photodynamic therapy (PDT), here there is a particular need to image PpIX 

production at depth in the thicker lesions.  PDT is an emerging cancer 
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therapeutic technique that uses the combination of a fluorescent drug 

(photosensitizer), and exposure to high-intensity visible light, in order to 

selectively kill tumor cells, through light-activated generation of singlet oxygen 

by collisional quenching of the excited state photosensitizer (PS) [4].  However, 

PDT as currently practiced is not always fully effective, whether due to 

inadequate levels of photosensitizer or due to a heterogeneous distribution of 

the PS within the tumor tissue. The use of PDT to treat actinic keratosis (AKs) 

[5] has been approved for use in many countries including the USA, and PDT to 

treat recurrent squamous cell carcinoma has been utilized routinely in some 

centers. Additionally, PDT of basal cell carcinoma might be effective if sufficient 

penetration of both the topical photosensitizer and the light could be achieved 

for these tumors. The approved topical photosensitizer for PDT is 

Aminolevulinic Acid (ALA).  ALA is actually a pro-drug that, when topically 

administered [6], induces Protoporphyrin IX (PpIX) in mammalian tissues, as 

shown in Figure 1.1 [7].  Highly proliferative skin lesions produce PpIX in larger 

amounts than in normal skin, and for this reason, light irradiation is an effective 

treatment, because the tumor lesion is selectively targeted.  However, the 

critical issue of obtaining sufficient PpIX production in thick tumors is very 

important, and considerable research has been focused upon biological 

manipulations that might enhance PpIX accumulation, and enhance the 

biological response (cell death pathways) of the tumor cells to PDT. 



 

3 
 

 

Figure 1.1: The heme biosynthesis pathway of PpIX starts with the synthesis of ALA in 
the mitochondria.  After progressing through several porphyrin intermediates, PpIX is 
created; this is then used to form heme.  Topical application or injection of ALA has been 
shown to enhance production of PpIX, which accumulates because the final step 
(ferrochelatase) is rate-limiting, in both normal tissue and tumors.  When exposed to low 
intensity visible light, PpIX fluoresces, and when exposed to high-intensity visible light, 
PpIX undergoes photochemical degradation and kills the cells.  Figure adapted from 
Friesen et al [7]. 
  
 

Protoporphyrin IX Protoporphyrinogen 
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 The use of ALA mediated PDT has been growing and is currently 

approved in Europe for treatment of superficial lesions of non-melanoma skin 

cancers, including squamous cell carcinoma (SCC) in-situ and basal cell 

carcinoma (BCC).  Figure 1.2 (a) shows the increase in PpIX production in a 

BCC when a patient received 2 h of topical 5-ALA prior to biopsy, frozen-

sectioning, and analysis of the tumoral skin either by confocal fluorescence or 

by standard H&E histology.  PDT is also being explored as a means to detect 

the margins of tumors in vivo during human brain surgery.  Figure 1.2 parts (e) 

and (f) demonstrate how PpIX fluorescence can be used to guide surgery of 

gliomas [8-9].  This work has been done to assist the neurosurgeons to ensure 

that they remove the entire tumor without leaving residual cancerous tissue. 
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Figure 1.2: (a)-(d) Shown here are examples of PpIX, visualized in biopsy specimens from 
study patients using confocal microscopy. Data are shown from two patients, each of 
which received 2 h of topical 5-ALA prior to biopsy, frozen-sectioning, and analysis of 
the tumor-bearing skin either by confocal fluorescence or by standard H&E histology 
(middle panels, 4x); corresponding regions are shown in boxes. Areas corresponding to 
normal epidermis (epi), normal hair follicles (foll), or basal cell carcinoma (bcc) are 
indicated [8]. Parts (e) and (f) show white light and fluorescence images of a human brain 
tumor, with the pink showing the PpIX fluorescence in (f) [9]. 
 
 

f) 

c) 

e) 
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In developmental work, Gibbs et al have shown the ability to differentiate 

between tumor and normal tissue in U251 glioma in PpIX fluorescence images 

ex vivo (Figure 1.3) [10]. 

In cutaneous oncology, a major concern continues to be the inability to 

measure the amount of PpIX production that is occurring at deep tumor 

locations.  Adjuvant methods have been developed recently, such as 

differentiation therapy [11], that have the potential to stimulate more PpIX in 

deep tumor tissue.  However, these methods require further study in systematic 

clinical trials.  Before that can happen, better tools are needed to establish 

whether enhanced PpIX production is actually being obtained in individual 

subjects. 

 
 
Figure 1.3: Images of mouse brain tissue with U251 tumors shown with ex vivo PpIX 
fluorescence images (1st row) and corresponding H+E stained images (2nd row) of the 
same sections of the brain [10].   
 
 
 The aim of the studies described in this thesis was to develop and test a 

system which can accurately quantify PpIX concentrations in skin tumor tissue, 

by directly measuring the signal emitted from the tissue surface while 
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simultaneously, delineating the extent of the tumor margin with High Frequency 

Ultrasound (HFUS).  Pre-clinical development and testing of this device was 

performed, with full calibration, tissue phantom testing and preliminary studies 

in a pre-clinical mouse model. 

 From a system performance perspective, subsurface tomography with 

light is quite challenging, and therefore the ability to use imaging to guide the 

interpretation of the fluorescence signal [12-14] is beneficial and significant, 

since subsurface tomography with light is quite challenging.  Assuming that 

fluorescence is linearly related to the concentration of the fluorophore, direct 

fluorescence measurements can be reasonably used to quantify PpIX, but the 

effect of scatter and absorption within the tissue and the effects of tissue layers 

with varying amounts of PpIX all contribute to a nonlinear relationship between 

signal and PpIX concentration. The most advanced approach to solving this 

problem is through the use of image-guided fluorescence tomography [15] in a 

geometry which allows characterization of the skin layers as well as the tumor.   

This approach will build on work done with the Aurora fluorescence dosimeter 

(Figure 1.4) [16] which has been research at Dartmouth College, 

Massachusetts General Hospital, and Cleveland Clinic.  This approach 

illuminates tissue with a single source and uses a photomultiplier tube (PMT) for 

fluorescence detection.  One of the shortcomings of the dosimeter that will be 

addressed in this thesis is the inability to get more than subsurface 

fluorescence readings. 
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Figure 1.4: This figure depicts the Aurora fluorescence dosimeter and its use in a mouse 
experiment.  A single source illuminates the tissue, while multiple detection fibers couple 
to a single PMT for fluorescence detetion.   
 

 For our tomographic application, HFUS was chosen as the optimal 

visualization technology because of its high resolution and ability to penetrate 

the skin layers.  By coupling HFUS visualization with fluorescence collection, a 

customized system was designed to allow quantification of PpIX in the skin.  

Interpreting the optical measurements requires the use of sub-surface 

tomography reconstruction algorithms to estimate signals from the different 

tissue layers. Sub-surface tomography without image-guidance has been 

attempted in the past, but its accuracy is not well established, and routine use 

of this type of approach has not been achieved to date for layered tissue.  The 

advent of image-guided fluorescence quantification has made high-frequency 

ultrasound-coupled fluorescence imaging a realistic goal.  While HFUS is often 

used for small animal cardiac imaging [17], it can also provide high-resolution 

images of subcutaneous skin tumors [18].  HFUS provides the ability to resolve 

skin layers from sub-millimeter thicknesses, and can penetrate up to a 

a) b) 

c) 
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centimeter into tissues.  The coupling of ultrasound with optical fluorescence is 

readily achieved, and demonstrated by other researchers, most notably the 

substantial developments in breast tumor imaging by Zhu et al [19].  While 

HFUS scanners are not currently FDA-approved for imaging humans, they may 

be used in clinical trials.  On the fluorescence side, use of reflectance geometry 

with one source and one detector only permits imaging of near tissue.  

However, with multiple sources and detectors, the fluorescence of longer 

pathlengths through tissue can be measured, and tomographic reconstruction 

of images can be undertaken. 

 In our imaging approach, fluorescence recovery is done through diffusion 

modeling of light transport, with subsequent fitting of the calculated values to 

the measured values using a diffusion light modeling software [20], as will be 

discussed later in this thesis. 

1.3 Thesis Objectives 

 These are the goals for the development of this system: 

• Design and implement an optical path for illumination and 

fluorescence pickup. 

• Couple the device to a high-frequency ultrasound system for 

simple and sequential image acquisition. 

• Develop data acquisition and calibration, image segmentation, 

finite element mesh generation, and fluorescence image 

reconstruction routines in LabVIEW and MATLAB that automated 

and convenient for users with no advanced technical experience. 
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• Perform substantial simulation studies to represent in vivo 

situations for verification of system functionality. 

• Validate system performance and simulation results with detailed 

tissue phantom studies to more accurately develop data 

acquisition and calibration. 

• Collaborate with researchers from the Cleveland Clinic to do initial 

in vivo imaging and develop in vivo imaging methods. 

 

Chapter 2: Instrumentation 

2.1 Optical Instrumentation 

 Having chosen high-frequency ultrasound (HFUS) as the optimum 

anatomical imaging system for this project due to the portability and cost of 

ultrasound compared with Magnetic Resonance Imaging (MRI) or Computed 

Tomography (CT), the design of a fluorescence tomography system that would 

couple to an ultrasound probe became the primary goal of this study.  Due to 

space limitations and the width of the ultrasound field-of-view (FOV), it was 

determined that a fluorescence probe with 4 sources and 5 detectors in a 

reflectance geometry would be practical.  Lens diameter and fiber protection 

were the limiting factors, and the availability of a four-source module for 

commercial purchase facilitated this decision.  The linearly alternating sources 

and detectors as well as the experimental setup are explained here in detail. 

 The hardware for the system was chosen primarily because of its 

commercial availability, low cost, and modularity.  The entire system was built 
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for a cost of around $40,000 and is easily portable.  The goal was to design a 

system that could easily be duplicated for multi-center clinical trials.  A custom 

four-source module was developed (Thor Labs, Newton, NJ, model #MCSL635) 

specifically for this system.  The lasers in the module are centered at 635 nm 

wavelength, and operate at a maximum power of 10 mW, which is well within 

the power necessary to damage tissue.  The laser outputs are coupled to 200 

µm optical fibers that lead to the tissue interface.  The source strengths in each 

channel are set individually by applying a suitable analog voltage between 0-5 

V to the control ports on the source modules.  These ports are wired to analog 

outputs from two LabView controlled data acquisition (DAQ) cards (National 

Instruments, Austin, TX, model #USB 6009) to enable computer-based control 

of the source intensities (see Appendix A for pinouts).  At maximum power, the 

worst source was stable to within 4% over a time period of 15 minutes and was 

repeatable to within 4% after cycling the power of the system off and on. 

 The detection unit is made up of five compact spectrometers (Ocean 

Optics Inc., Dunedin, FL, model #USB2000+), each coupled to the tissue 

through a dedicated 200 µm fiber.  These spectrometers provide a wavelength 

resolution of 0.35 nm, and a total spectral bandwidth from 540 to 1210 nm.  

They are connected to the control computer via a Universal Serial Bus (USB) 

hub, and are software-controlled through a custom-developed LabView 

program.  The spectrometers utilize a Sony ILX511B 2048-element, linear, 

silicon CCD-array for detection and allow for 1000 full spectra to be collected 

every second.  The pixel well depth is approximately 62,500 electrons, and at 
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600 nm, the sensitivity is 41 photons/count.  Acceptable integration times are 1 

ms through 65 seconds.  Each detection spectrometer is coupled by a single 

200 µm fiber to one side of an SMA-coupled inline filter holder (OceanOptics 

Inc., Dunedin, FL, model #FHS-UV).  Each 650 nm long pass filter (ThorLabs 

Inc., Newton, NJ, #FEL0650) is held between the tissue interface and 

spectrometer to remove the 635 nm source signal from the detected signal, 

while allowing passage of the 705 nm PpIX fluorescence emission peak.  Each 

filter holder is also SMA-coupled to another 200 µm fiber that leads out to the 

tissue interface.  The system schematic is shown in Figure 2.1 with components 

from both the illumination and detection channels.  As shown, source and 

detector fibers alternate linearly along the length of the tissue contact probe just 

adjacent to the ultrasound probe using a custom-built interface.   
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Figure 2.1: The system schematic is illustrated, showing components and probe 
geometry.  Four sources and five filtered detection channels, all coupled to the tissue 
through 200 µm fibers, make up the optical acquisition unit of the system.  Data 
acquisition is achieved using five compact USB spectrometers. 
 
 

The first two iterations of the fiber holder are depicted in Figure 2.2. This 

fiber holder protects both source and detection fibers while also immobilizing 

the hand-polished fibers above gradient index (GRIN) lenses (Newport Corp., 

Irvine, CA, model #LGI630-6). Prior to insertion in the probe, the hand-polished 

fibers were epoxied in stainless steel capillary tubing (Restek Inc., Bellefonte, 

PA, model #25252) to protect the bare fibers and allow coupling to the GRIN 

lenses.  All channels focus via GRIN lenses onto a plane 5 mm below the probe 

surface, since this is the typical gap – filled with ultrasound gel – between the 
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ultrasound probe and the tissue.  This gap can be visually measured in the 

ultrasound image by the user to standardize the distance in each image, as the 

field-of-view measurements are displayed real-time on the ultrasound screen.  

The GRIN lenses and capillary tubes are held in place with individual set 

screws as shown in Figure 2.2 (b).  The optical holder slides over the HFUS 

probe and tightens around it with a thumbscrew.  There is currently a 26 mm 

lateral offset that must be accounted for between the HFUS imaging plane and 

the fluorescence plane, although in future fiber holder designs, this offset 

should be minimized.  While this doesn’t affect the ability of the system to 

perform imaging in anyway, this does inconvenience the user and slow down 

image acquisition.  The current offset is in place to minimize bend in the fibers 

so they stay protected inside the fiber holder.  The main factor to consider when 

addressing this issue is how to keep the fibers protected.  A redesigned probe 

is discussed more in detail in Chapter 5. 
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Figure 2.2:  Part (a) shows the system in development.  The first version of the probe is 
shown close up in (b), with a diagram of a GRIN lens in (c).  The second generation 
custom machined fiber holder is depicted in (d) and (e).  In (d), it is coupled to the 40 MHz 
(RMV-704) ultrasound probe.  In (f), the set screws that hold the fibers and GRIN lenses 
in place are shown.  Two additional screws also hold down a detachable piece that 
allows access to the fibers in case one breaks. 

d) e) a) 

b) 

50 mm 

50 mm 25 mm 

Laser Sources Spectrometers 

Filter Holders 

Fiber Holder 
w/ US probe 

Optical Interface 

HFUS transducer 

26 mm 

c) 

b) 

d) 
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 Additional images of the system development are shown in Figure 2.3.  

The system was developed using a rolling cart with a standard size rack for 

easy installation of hardware, including a retractable monitor (a).  The optical 

channels of the system are shown in (b) with the Ocean Optics spectrometers 

connected by 200 µm fibers the filter holders.  The computer used in this 

system is a Mac mini  (Apple, Inc., Cupertino, CA) running the Windows XP 

Operating System (Microsoft, Inc., Redmond, Washington). 

 

  
 
Figure 2.3:  Part (a) shows the developed system with the retractable monitor.  The 
optical detection path is shown in (b) with the Ocean Optics USB spectrometers and filter 
holders. 
 
 

Monitor 

MacMini 

Detection optics 

a) b) 
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 Images of experiments in progress with the original fiber holder are 

depicted in Figure 2.4.  In Part (a) the system is being used to image a gelatin 

phantom.  In Parts (b) and (c) the imaging is being done on a nude mouse.  For 

both phantoms and mice, ultrasound gel is used to couple the ultrasound 

transducer to the tissue interface.  Further information on the ultrasound 

imaging is provided in the next section. 

   
 
Figure 2.4:  Part (a) shows the system being used to perform imaging on a gelatin 
phantom with the first version of the probe.  In (a) and (b) the imaging is being done on a 
nude mouse.   
 
 
2.2 Ultrasound Instrumentation 

High-frequency ultrasound images are acquired with a Vevo 770 

(VisualSonics, Toronto, ON, Canada) Imaging System (shown in Figure 2.5 (a)) 

using either an RMV-708 (82.5 MHz maximal broadband frequency, 55 MHZ 

average frequency, 30 μm axial resolution, 70 μm lateral resolution, 10.8 mm 

maximal lateral field of view) or a RMV-704 (60 MHz maximal broadband 

frequency; 40 MHz average frequency, 40 μm axial resolution, 80 μm lateral 

resolution, 14.6 mm maximal lateral field of view) scan head.  The ultrasound 

gel used in these experiments is AquaSonic clear ultrasound transmission gel 

(Parker Laboratories, Inc, Fairfield, NJ). 

Gelatin Phantom 

a) b) c) 
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For imaging, the scan head/optical detector complex is fixed in a 

calibrated micro-manipulator, which enables sequential collection of HFUS and 

fluorescent images from an identical focal plan.  For in vivo imaging, mice are 

anesthetized with 2.5% isoflurane and positioned on a thermo-regulated 

platform which monitored body temperature, heart rate and breathing rate.  

During imaging, anesthesia is adjusted to around 1.5% isoflurane to maintain 

heart rate above 400 beats per minute and respiration above 100 breaths per 

minute.  Real-time ultrasound imaging is used to localize the tumor, and then an 

ultrasound image is collected prior to positioning the fluorescence detector in 

the tumor plane.  Figure 2.5 (b) shows a sample ultrasound image of a 

subcutaneous skin tumor taken with the RMV-704 40 MHz probe.  Both the skin 

and tumor are clearly visible in this image. 
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Figure 2.5:  Part (a) shows the VisualSonics Vevo 770 High-Frequency Ultrasound 
Imaging System used in these studies. A sample image of a subcutaneous skin tumor 
taken with the RMV-704 40 MHz probe is shown in (b). 
 
 
2.3 Software Implementation 

2.3.1 Overview 

 This software has been developed with a data flow that allows non-

expert users to have as little input to the system as possible.  The data 

flowchart is shown below in Figure 2.6.  The fluorescence data is automatically 

acquired and calibrated.  The ultrasound image is first segmented and then 

used to generate a mesh.  Finally, the calibrated data and the mesh are used 

together for image reconstruction.  Each piece of this flowchart is discussed 

more in this section.   

a) b) 

skin 

tumor 
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Figure 2.6:  Here is the system data flowchart.  Fluorescence data is first gather and then 
calibrated.  An ultrasound image is also collected, segmented, and the used for mesh 
generation.  The calibrated data is combined with the mesh for fluorescence image 
reconstruction. 
 
 
2.3.2 Data Acquisition 

The fluorescence system is operated using LabView software control.  At 

system startup, the software initializes all spectrometers and opens the remote 

connection.  After all spectrometers have been automatically identified, the user 

can set the acquisition integration time and choose to save data.  The default 

integration time used is 2000000 µs, or 2 seconds.  Using this value, the 

acquisition time for a single measurement using the fluorescence system is 

about 30 seconds.  The total acquisition time including the ultrasound image 

can be 2-5 minutes, depending on the sample being imaged.  Typically, when 

data is acquired, a background data set is taken first, and then the lasers are 

sequentially illuminated with the full spectrum being recorded simultaneously on 

each spectrometer.  The entire wavelength range is saved for all detection 

points for each source, for a total of 4 x 5 = 20 full spectra.  Figure 2.7 shows an 

example of a raw PpIX spectrum collected with one of the spectrometer units.  

The 635 nm source peaks are removed from the signal using an inline 650 nm 

longpass filter, leaving the PpIX emission peak at about 705 nm overtop a 
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sloping background baseline, as seen in the figure.  It is important to note that 

the y-axis of all figures represent arbitrary intensity from the spectrometers. 

 
 
Figure 2.7:  This is an example of a raw PpIX spectrum collected with one of the 
spectrometer units.  The 635 nm source peaks are removed from the signal using an 
inline 650 nm longpass filter, leaving the PpIX emission peak at about 705 nm overtop a 
sloping background baseline. 
 
 
2.3.3 Data Calibration 

The data calibration procedure corrects for source strength and detector 

sensitivity and scales the raw, measured data, 𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖 , to the calculated model.  

The first step in data calibration is to subtract the background spectra, 𝜑𝜑𝑑𝑑𝑟𝑟𝑟𝑟𝑑𝑑𝑖𝑖 ,  

that were collected with no sources illuminated.  This removes dark noise, as 

well as the spectrometer baseline values present in the measurements.  In 

order to extract the PpIX signal from the data, a wavelength range is selected 
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which contains the entire fluorescence peak (690-715 nm).  The data in the 

spectral region that is dominated by PpIX fluorescence is then integrated, 

thereby minimizing the effect of a large autofluorescence signal (Equation 2.1).  

The origin of this autofluorescence signal is currently unknown, but it is 

important to notice that it has the shape of an exponential tail.  For all 

equations, i = 1, 2, …, 20, j = 1, 2, 3, 4, 5, and k = 1, 2, 3, 4. 

𝜑𝜑𝑚𝑚𝑚𝑚𝑟𝑟𝑚𝑚𝑖𝑖 = ∫ �𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖 − 𝜑𝜑𝑑𝑑𝑟𝑟𝑟𝑟𝑑𝑑𝑖𝑖 �𝑑𝑑𝑑𝑑715𝑛𝑛𝑚𝑚
690𝑛𝑛𝑚𝑚   (2.1) 

The data is also automatically calibrated for detector channel response 

variations using pre-measured factors for each detection fiber.  Each detector 

sensitivity factor, DSF, is stored in the calibration procedure based on 

previously measured homogeneous phantoms.  These factors correct for 

differences in detector sensitivity, and are based on the assumption that 

detectors that are adjacent to each source should have approximately the same 

signal (Equation 2.2). 

𝐷𝐷𝐷𝐷𝐷𝐷1 = 1 
 

𝐷𝐷𝐷𝐷𝐷𝐷𝑗𝑗 = 𝜑𝜑𝑚𝑚𝑚𝑚𝑟𝑟𝑚𝑚
(1+6∗(𝑗𝑗−1))

𝜑𝜑𝑚𝑚𝑚𝑚𝑟𝑟𝑚𝑚
(2+6∗(𝑗𝑗−1)) (2.2) 

 
The next step is to calculate a source strength factor, SSF, for each 

channel to correct for small variations between the four sources, as well as 
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small fluctuations in the source strength over time.  These are calculated for 

every set of measurements (Equation 2.3). 

𝐷𝐷𝐷𝐷𝐷𝐷1 = 1 
 

𝐷𝐷𝐷𝐷𝐷𝐷𝑑𝑑 = 𝜑𝜑𝑚𝑚𝑚𝑚𝑟𝑟𝑚𝑚1

𝜑𝜑𝑚𝑚𝑚𝑚𝑟𝑟𝑚𝑚
(𝑑𝑑∗6+2) (2.3) 

 
The calibrated result of a data set is shown in Figure 2.8.  Each group of 

five points corresponds to the gathered data at all spectrometers when one 

source is illuminated.  These final intensity values at each of the 20 points are 

saved for image reconstruction. 
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Figure 2.8:  Depicted here is a raw data set, for comparison with the calibrated data.  The 
data calibration routine corrects for both individual detector sensitivities and source 
strengths. 
 

A box and whisker plot of a repeatability experiment is shown in Figure 

2.9 to demonstrate the repeatability of this system.  This data was gathered in 

the same plane of a 3 region phantom (explained in Chapter 3).  Prior to the 

gathering of each data set, the system power was cycled and a fresh layer of 

ultrasound gel was applied on the phantom. 

  
 
Figure 2.9:  A box and whisker plot for each source-detector pair is displayed to show 
system repeatability.  This is data that has been gathered in the same location of a 3-
region phantom after a power cycle and a fresh layer of ultrasound gel.  Each group of 
five points corresponds to the measured signal with one of the four sources illuminated.  
The repeatability of system measurements is very important to ensure accurate results.  
This experiment was done on a three-region gelatin phantom. 
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The last step of the data calibration involves matching the measured 

data to the model data.  To do this, the data is multiplied by the ratio of a 

simulated data set having known PpIX concentration and measured optical 

properties, 𝜑𝜑𝑚𝑚𝑖𝑖𝑚𝑚 , and divided by a data set from a measured phantom with 

homogeneous fluorescence and the same concentration,  𝜑𝜑ℎ𝑜𝑜𝑚𝑚𝑜𝑜𝑜𝑜   (Equation 

2.4).   

𝜑𝜑𝑓𝑓𝑓𝑓 _𝑐𝑐𝑟𝑟𝑓𝑓
𝑖𝑖 = �𝜑𝜑𝑚𝑚𝑚𝑚𝑟𝑟𝑚𝑚𝑖𝑖 ∗ 𝐷𝐷𝐷𝐷𝐷𝐷𝑗𝑗 ∗ 𝐷𝐷𝐷𝐷𝐷𝐷𝑑𝑑  � ∗ 𝜑𝜑𝑚𝑚𝑖𝑖𝑚𝑚

𝜑𝜑ℎ𝑜𝑜𝑚𝑚𝑜𝑜𝑜𝑜
    (2.4) 

The value for µaf for the simulation were chosen from work done in Kepshire’s 

thesis, when he showed in Table 4.1 that an intralipid phantom with PpIX 

concentration equal to 5 µg/ml has a corresponding µaf of 0.0102 mm-1.  Using a 

previously developed system [21], the other optical properties of the gelatin 

phantoms were measured.  These were measured to be 0.005 mm-1 for µax, 

0.58 mm-1 for µsx’, 0.0054 mm-1 for µam, and 0.49 mm-1 for µsm’.  The calibrated 

data is shown below in Figure 2.10, both before and after the implementation of 

Equation 2.4.  This calibration procedure is performed by the routine graphs.m 

(see Appendix B). 
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Figure 2.10:  This figure shows how the measured data is matched to the model data.  An 
intralipid phantom with a PpIX concentration of 5 µg/ml has a corresponding µaf of 0.0102 
mm-1.  This allows for the calculation of a factor based on the intensity measured by the 
optical path of the system. 
 
 
 Figure 2.11 shows the front panel of the LabVIEW program that drives 

the data flow for the system.  The data acquisition and calibration options are 

displayed in this figure.  The program initializes spectrometers automatically 

and displays information in the “Spectrometer Initialization” panel, the user can 

toggle the sources on and off in the “Source Control” panel, select where to 

save the data in the “Folder Options” panel, and acquire data on this panel of 

the software.  The data is then displayed on five graphs (one for each 

spectrometer). 
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Figure 2.11:  Automatic spectrometer initialization, toggling of the sources on and off, 
selecting the save directory, and data acquisition is all accomplished on the “Data 
Acquisition” tab.  When the user is done acquiring data, “Segmentation” or 
“Reconstruction” can be clicked to move to the correct tab for the next step. 
 
 
2.3.4 Segmentation 

 The images from the ultrasound system are easily obtained on the 

computer of the fluorescence system.  A USB crossover cable (Targus, 

Anaheim, CA, #T22-0032) connects the two system and automatically starts up 

software for file transfer. 

Source control 

Folder options 
Data acquisition 

View of data 
(other channels 
not shown in 
this figure) 

Spectrometer Initialization 
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 Ultrasound images must be segmented into regions in order to generate 

meshes for implementation of the region-based reconstruction algorithm.  For 

two-region phantoms or mouse tissue, a MATLAB routine has been created 

called add_layer.m (see Appendix B), which allows the user to input a depth of 

the first layer.  The program then adds a region with this depth to the top of a 

homogeneous mesh.  For three-region cases, image segmentation is required.  

There are many ways to do segmentation, but not all of them work for this 

project. 

 Image segmentation for three-region phantoms/tissue was performed in 

several different ways throughout this study and is still currently being explored 

for an optimum solution.  While there are good image segmentation tools 

available, one of the primary goals of this system is to have the entire data flow 

run through LabVIEW (and MATLAB, through script nodes in LabVIEW).  The 

LabVIEW Vision Module has several image processing tools, and these were 

used during the first part of this study.  Using image filtering to smooth the 

images and the magic wand tool – a function that allows a user to select an 

area of an image based on its color – to make user-guided segmentations, 

results were fairly good as demonstrated for the tumor segmentation results in 

Figure 2.12.  The segmentations of the TIFF images from the HFUS system are 

saved as Bitmaps. 
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Figure 2.12:  (a)-(c) show ultrasound images of clearly delineated and visible skin tumors 
taken with the RMV-708 55 MHz probe.  (d)-(f) are segmentation results using the 
LabVIEW Vision Module.  Image filtering and the magic wand tools were used to generate 
these images. 
 
 
 While this segmentation method works well for some cases, it does not 

work accurately for segmentation of all skin tumors that we have imaged 

(examples shown in Figure 2.13).   

Ultrasound Images 

Segmented Images 

a) b) c) 

d) e) f) 



 

30 
 

 
 

  
Figure 2.13:  Examples of tumor images and resulting segmentations that fail to work 
using the LabVIEW Vision module segmentation software.  In such cases, the entire 
tumor is not segmented, and the resulting images of the skin often include too much of 
the surrounding tissue. 
 
 
 Additionally, for tissue phantoms, it is often time-consuming and 

guesswork to get an accurate mask, if it is possible to generate one at all.  

a) b) 

d) e) 
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Another method used for segmentation was the Quick Selection Tool in Adobe 

Photoshop CS4.  This technique has the benefit of working in every single case 

for both mouse and phantom images, but unfortunately, it does not meet the 

requirement of being implementable in the LabVIEW software flow.  An 

example of how a mask is generated in Photoshop is illustrated in Figure 2.14.  

First, open the HFUS image and create a new image that has the same 

dimensions (656x 752px) and give it a black (Hex color: #000000).  Next, use 

the Quick Selection Tool to highlight the skin layer.  Copy and paste into the 

new file, and use the Paint Bucket Tool (may have to do this step multiple times 

depending on what tolerance is used) to fill in the skin with the correct color 

(Hex color: #3C3C3C).  Finally, segment out the tumor region and fill (Hex 

color: #787878). 
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Figure 2.14: The flowchart of how to segment an image using Adobe Photoshop CS4 is 
shown.  Segmentation is quite easily and accurately achieved using the Quick Selection 
and Paint Bucket Tools as well as Copy/Paste.  Select the skin region, and color it dark 
gray (Hex color: #3c3c3c).  Then add the tumor region, and color it lighter gray (Hex 
color: #787878). 
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To create the third region of the segmentation, the mask is then opened 

by a MATLAB routine developed by Hamid Ghadyani called 

mask2mesh_addskin.m (see Appendix B).  Since the fluorescence probe is 

wider than the ultrasound FOV, the skin layer is extended to the correct width.  

A bottom region is also added to the mesh to represent the background tissue.  

Examples of final segmented images for both a phantom and a tumor are 

shown in Figure 2.15.  The segmentation of the HFUS images for insertion into 

the workflow of the system is still being investigated.  Once completed, it will be 

added into the “Segmentation” tab of the main LabVIEW program. 

  
Figure 2.15: After segmentation, the top region is extended to account for the width 
difference of the fluorescence and ultrasound probes.  Additionally, a background region 
is added below the skin and tumor. 
 
 
2.3.5 Mesh Generation 

 A different MATLAB routine (mesh_to_nirfast.m) adds the third region is 

used for mesh generation (see Appendix B).  Then, a mesh is created using a 

Delauney-based generator which uses the polygons of multiple regions to 

create a multiple material triangular [22].  None of the angles of triangles in the 

mesh are greater than 20 degrees, which ensures a high quality and reliable 

mesh for finite element reconstruction calculations.  For part of this study, the 
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mesh generation software generated a graded resolution FEM mesh with finer 

resolution near the boundaries of the regions shown.  Recently, the software 

was updated to no longer create grading meshes.  While visibly it is impossible 

to determine which region a node is part of, each node has a region value 

associated with it (0, 1, or 2).  A mesh is then converted into a format 

compatible with NIRFAST, so it can be used to reconstruct an image of 

fluorescence yield.  Both types of meshes are shown in Figure 2.16.  This 

MATLAB routine is shown in mesh_to_nirfast.m (see Appendix B). 
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Figure 2.16:  A Delauney-based mesh generation software has been developed. Part (a) 
shows an example of a typical grading mesh used for the first half of this study.  Grading 
meshes have fine resolution near region boundaries, but coarser resolution towards the 
center of a region, which allow visibility of the regions when plotted.  Part (b) shows a 
mesh without using the grading technique, and while it is impossible to visually 
delineate the regions, each node had a region value associated with it [21]. 
 
 
2.3.6 Reconstruction 

The ability to use the diffusion approximation to model near infrared and 

fluorescence light transport is well established [23-29].  Image reconstruction 

was performed using NIRFAST, a finite element method based software 

package.  The image reconstruction algorithm is based on a non-linear iterative 

a) 

b) 
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Newton minimization to minimize the difference between the measured light 

fluence detected at the tissue surface and data from the NIRFAST forward 

model.  The inverse solutions must be obtained to a system of coupled diffusion 

equations [30] (Eqs. 2.5 and 2.6): 

−∇ ∙ κ𝑥𝑥(𝑟𝑟)∇Φ𝑥𝑥(𝑟𝑟,𝑟𝑟) + �μ𝑟𝑟𝑥𝑥 (𝑟𝑟) + 𝑖𝑖𝑖𝑖
𝑐𝑐(𝑟𝑟)

�Φ𝑥𝑥(𝑟𝑟,𝑟𝑟) = 𝑞𝑞0(𝑟𝑟,𝑟𝑟) (2.5) 

−∇ ∙ κ𝑚𝑚(𝑟𝑟)∇Φ𝑓𝑓𝑓𝑓 (𝑟𝑟,𝑟𝑟) + �μ𝑟𝑟𝑚𝑚 (𝑟𝑟) +
𝑖𝑖𝑖𝑖
𝑐𝑐(𝑟𝑟)

�Φ𝑓𝑓𝑓𝑓 (𝑟𝑟,𝑟𝑟) = Φ𝑥𝑥(𝑟𝑟,𝑟𝑟)ημ𝑟𝑟𝑓𝑓 (𝑟𝑟)
1 − 𝑖𝑖𝑖𝑖𝑖𝑖(𝑟𝑟)

1 + [𝑖𝑖𝑖𝑖(𝑟𝑟)]2 

Equation 2.5 represents the excitation field (635 nm in our case) and Equation 

2.6 is for the emission field (705 nm PpIX fluorescence peak for this work).  The 

subscripts x and m signify the excitation and emission wavelengths, 

respectively.  The intrinsic optical parameters of the sample are denoted by 

µax,m and µsx,m’, which are the absorption and reduced scattering coefficients.  

𝑞𝑞0(𝑟𝑟,𝑟𝑟) is an isotropic source, and Φ𝑥𝑥(𝑟𝑟,𝑟𝑟) is the photon fluence rate at 

position r.  The diffusion coefficients, κx,m, are given by Equation 2.7: 

𝜅𝜅x,m = 1
3(𝜇𝜇𝑟𝑟𝑥𝑥 ,𝑚𝑚 +𝜇𝜇𝑚𝑚𝑥𝑥 ,𝑚𝑚 ′)

  (2.7) 

Additionally, c(r) is the speed of light in the medium at a given point, and is 

defined by co/n(r), with n(r) being the index of refraction and co the speed of light 

in a vacuum.  The lifetime of the fluorophore is τ(r), the fluorophore quantum 

efficiency is denoted by η(r), and its absorption coefficient is 𝜇𝜇𝑟𝑟𝑓𝑓 (𝑟𝑟).  The latter 

two quantities are coupled together into the fluorescent yield, 𝜂𝜂𝜇𝜇𝑟𝑟𝑓𝑓 (𝑟𝑟).  , since 

we can’t separate the quantum efficiency and the fluorophore absorption 
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coefficient.  Implementing a Robin- or mixed-type (Type III) condition corrects 

for a refractive index mismatch at the boundary to describe the photon loss. 

 After supplying a mesh, an initial estimate of μ𝑟𝑟𝑓𝑓 is required to start the 

reconstruction procedure.  The software then iteratively solves for the model 

optical properties by calculating the Jacobian matrix for both excitation and 

emission (2.8 and 2.9): 

ℑ𝑥𝑥𝜕𝜕𝜇𝜇 = 𝜕𝜕Φ𝑥𝑥  (2.8) 

ℑ𝑚𝑚𝜕𝜕𝜕𝜕 = 𝜕𝜕Φ𝑚𝑚  (2.9) 

The Jacobian matrices, ℑ𝑥𝑥  and ℑ𝑚𝑚 , represent the logarithm of the signal 

intensity for the optical properties at each node within the finite-element mesh, 

and are calculated using the adjoint method [31-32].  𝜕𝜕Φ𝑥𝑥and 𝜕𝜕Φ𝑚𝑚are changes 

within the boundary data in relation to the initial guess given for the optical 

properties µ and γ, where 𝜕𝜕 = 𝜂𝜂𝜇𝜇𝑟𝑟𝑓𝑓
1

1+(𝑖𝑖𝑖𝑖𝑖𝑖 )2 and is the fluorescence source term.   

Optical images were reconstructed on these meshes using the hard-prior 

implementation of the NIRFAST reconstruction methods [33-34], which 

assumes each segmented region produced homogeneous fluorescence yield.  

Using hard spatial priors, the parameters that need to be updated each iteration 

decrease drastically from the number of nodes in the mesh, to the number of 

regions on the mesh (2 or 3 in this work).  While this approach sacrifices the 

ability to recover subtle heterogeneities throughout the imaging field, it makes 

the inversion formulation better determined and has been shown to provide 

better quantification in this type of imaging (Davis et al, Journal of Biomedical 
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Optics, in press).  The inverse problem also goes from ill-posed to well-posed in 

the hard prior situation, and in this work, hard-prior reconstruction was shown to 

have a statistically significant advantage.  In future studies, if a soft or no prior 

approach is desired, this can be easily achieved with no additional information.  

The user would only need to understand how to use NIRFAST, although future 

versions of the LabVIEW software can incorporate this option.  However, no 

prior reconstruction should be avoided completely since the structural 

information is available.  This imaging method requires that there is an initial 

guess that accurately represents the fluorescence in the sample due to the 

problem of a non-unique solution to fit the data.  The initial guess for the optical 

properties is very crucial as the reconstruction algorithm is very susceptible to 

changes in the guess.  In order for fluorescence values to be recovered in 

multiple regions, the guess needs to be within 50% of the true value for each 

layer.  If the initial guess is not within this range, the reconstruction will be 

inaccurate.  This can be a little troublesome, but one method used in this work 

was homogeneous fitting of the data.  This technique performs a fit of the 

calibrated data for the entire region, assuming it is homogeneous.  Figure 2.17 

illustrates how hard spatial priors work in comparison to no priors and soft 

spatial priors (using the regions to guide the solution allowing small variations 

within a region) for a two-region scenario. 
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Figure 2.17:  Part (a) shows the reconstruction of a two region phantom for no spatial 
priors.  In parts (b) and (c), image reconstruction was performed with soft and hard 
spatial priors respectively.  Hard priors assume that each region is homogeneous at the 
cost of imaging resolution.  The true value of the top layer is 10^-7 and for the bottom 
layer is 10^-5. 
 
 

Spatially variant regularization was also utilized for these image 

reconstructions, allowing deeper tissues to have more weight in the iterative 

updates [35-36].  The equation used to calculate the spatially variant 

regularization term is: 

𝑑𝑑�𝑝𝑝𝑗𝑗 � = 𝑑𝑑𝐻𝐻exp(−𝑝𝑝𝑗𝑗/𝛼𝛼)  (2.10) 

with α empirically determined by Kepshire et al to have the optimum effect at 

the value of 25.  This may not be the optimal value for this geometry, but was 

used in these studies.  This is a parameter that can be varied to potentially gain 

better results.  The y-axis location of node j is pj, and λH is the free 

regularization parameter which is controls how much the solution can change at 

each iteration. 

 The software for mesh generation and reconstruction is under the 

“Reconstruction” tab in the control software.  As pictured in Figure 2.18 a), this 

step has been designed to be simple for the user.  The user just has to input the 

filename (defaults to the most recently acquired data), the number of regions to 

make the mesh for, and the thickness of the top region if making a two-region 

mesh.  For mesh generation from three-region segmented images, the user can 

a) b) c) 
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choose a file to generate the mesh from (defaults to the most recently 

segmented mesh.  After the “Calibrate and Reconstruct” button is clicked, the 

“Busy” light turns on until the entire process is complete.  The fluorescence 

reconstruction graphical user interface (GUI) from NIRFAST pops up (see 

Figure 2.10a) with all fields filled in, allowing the user to ensure that the 

reconstruction options are correct without having to enter the information 

themselves every time.  The user can then view and compare the values in 

each homogeneous region by clicking “Get Region Values.” 
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Figure 2.18: (a) Data calibration, mesh generation, and image reconstruction are 
performed from the “Reconstruction” tab.  The user can also view the reconstructed 
values in each region by clicking “Get Region Values.”  In (b), the GUI for fluorescent 
reconstructions using hard priors in NIRFAST pops up so the user can verify the inputs, 
such as mesh, data, and regularization. 

Calibrate and Reconstruct 

a) 

b) 
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Chapter 3: Validation – Simulations and Phantom Studies 

3.1 Simulations 

 Synthetic data was used to demonstrate the feasibility of quantifying 

PPIX fluorescence in a multi-layered system using the diffusion-based 

algorithms.  These simulations were done using the NIRFAST diffusion 

modeling software.  In this model approach, the tissue was represented by a 

finite element mesh of the space, and the NIRFAST package was used to 

generate simulated data by solving the coupled system of excitation and 

emission diffusion equations.  The source and detector locations were 

positioned to mimic the experimental system closely and tissue optical 

coefficients were approximately chosen to closely match those known for 

murine skin and tumor.  Fluorescence from PpIX was modeled using a wide 

range of PpIX concentrations, including those found in tissue. 

 By varying the fluorescence in multiple regions of a mesh, it is feasible to 

mimic the data types expected in vivo.  Simulated data was generated for the 2-

region scenario on a mesh with 5200 nodes and randomly distributed Gaussian 

noise with a 1% percent standard deviation added to the fluorescence 

amplitude [35].  To simulate normal subjects, a 2-region system was used – 

with top region thicknesses of 1 and 2 mm, and an underlying layer 

representing fat or muscle.  Both fat and muscle traditionally exhibit low PpIX 

production.  In these experiments, the fluorophore concentration was varied 

over two orders of magnitude in one layer while the other layer was held 

constant, as a way to fully assess the possible parameter space of values.  The 
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simulated data was reconstructed on a different mesh with 1300 nodes in a 2-

layer hard-prior implementation.  For simulation of subjects with a tumor, a 3-

region system was necessary – the top 1-2mm layer of skin, overlying a 

cancerous inclusion in the skin, followed by the underlying layer of fat or 

muscle. 

 Reconstructions of simulated noisy data were performed to test the 

accuracy of the recovery algorithm used in NIRFAST.  The simulated spacing of 

the sources and detectors were matched to the actual spacing on the probe, 

and forward light diffusion was simulated to generate data.  Additionally, 1% 

Gaussian-distributed random noise was added to the intensity values.  Figure 

3.1 (a) demonstrates the ability of the algorithm to recover the actual value of 

the fluorescence in 2-region simulations.  The top layer thickness was varied 

from 1 mm up to 3 mm to show where the top layer reconstruction breaks down.  

Figure 3.1 (b) demonstrates the reconstructed value of the bottom region when 

the top layer was 1-3 mm thick.  As expected, the fluorescence recovery in the 

top layer as more accurate when the top layer was thicker.  However, the 

fluorescence recovery in the bottom layer was quite accurate up to an order of 

magnitude regardless of the thickness of the top layer.  When the target layer 

had less fluorescence than the other layers, the reconstructed values were 

weighted by the more fluorescent region and deviate from a linear response.  

This is a problem with the initial fluorescence guesses for each of the layers.  

Giving a homogeneous initial guess weights the more fluorescent layer, by 

assuming they are both equal.  While this may be a problem for imaging in vivo 
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with the fluorescence exhibited in mouse skin, it will not change the accuracy of 

the bulk fluorescence measurement acquired by the system, and better results 

can be achieved with more sophisticated initial guesses. 
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Figure 3.1:  Both parts (a) and (b) show the results of the reconstruction algorithm when 
the top layer is varied from 1 to 3 mm.  In part (a), the results of the top layer recovery are 
shown, while part (b) displays the recovered values for the bottom layer.  As expected, a 
thinner top layer provides more accuracy for the bottom layer at the expense of the top 
layer.  However, a thicker top layer gives more accurate values in the top layer, but the 
bottom layer values have more error. 
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3.2 Fluorescent Tissue Phantoms 

 Preliminary system validation was performed on a solid tissue phantom 

(shown in Figure 3 (a)) with known optical properties µa = 0.0076, and µs’ = 0.77 

mm-1.  By SMA coupling a laser source into the center of a phantom and picking 

up data at each detector, the light attenuation with respect to distance was 

quantified.  The slope of the decrease over distance is equal to µeff.  This value 

can also be calculated computationally with the equation: 

𝜇𝜇𝑚𝑚𝑓𝑓𝑓𝑓 = (3 ∗  𝜇𝜇𝑟𝑟 ∗  𝜇𝜇𝑚𝑚 ′)1/2 

The calculated value of µeff was 0.1325.  As demonstrated in 

part (b) of Figure 3.2, the recovery of µeff was quite accurate 

with values of 0.1557 and 0.1499 in consecutive experiments. 

13

13.5

14

14.5

15

15.5

16

16.5

17

17.5

18

10 15 20 25 30 35 40

Si
gn

al
 In

te
n

si
ty

Distance from Source (mm)

Test 1 - ueff = 0.1557

Test 2 - ueff = 0.1499

 

Figure 3.2:  Part (a) shows a solid tissue phantom used for system validation.  The 
female SMA connector in the middle allows for coupling with a laser source.  Part (b) 
demonstrates the ability to recover µeff by measuring the attenuation of light vs. distance 
and calculating the slope. 

a) 

b) 
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 Additional system validation of the hardware was performed using gelatin 

tissue phantoms.  These phantoms helped quantify how accurately the system 

could recover various concentrations of PpIX in multiple layers. The tissue 

phantoms we used were made in two steps.  First, homogeneous liquid tissue 

phantoms were made using 1% IntralipidTM for scattering and 2% India ink for 

absorption [37] which produced optical properties of approximately µa = 0.6 mm-

1 and µs’ = 0.005 mm-1 for the reduced scattering and absorption coefficients, 

respectively. The aqueous phantoms also contained 5% Tween-20 to 

monomerize the PpIX added to them.  Next, 0.5-1% Agarose (Sigma Aldrich, 

St. Louis, MO, #A6013) was mixed with 99-99.5% water and heated in a 

microwave for approximately 20-30 seconds to the point of boiling the solution.  

The Agarose mixture was combined with the PpIX aqueous phantoms and then 

cooled to create solid fluorescent phantoms.  The liquid was then poured into 

Petri dishes having 51mm diameter, and are typically 10-12mm thick.  These 

solutions were cooled at 4oC for at least 15 minutes.  If making two-layer or 

three-layer phantoms, a razorblade was used to slice the gelatin phantoms to 

the thickness and shapes desired.  Figure 3.3 shows images from a 

fluorescence scanner (GE Healthcare Life Sciences, Typhoon 9140) for small 

slabs of homogeneous gelatin phantoms of various PpIX concentrations (0 

µg/ml through 5 µg/ml) as well as the intensity of the pixel values plotted vs. 

concentration.  These images compare quite well with the ex vivo fluorescence 

of mouse skin and tumor shown in Chapter 4 (Figure 4.3). 
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Figure 3.3:  In (a), GE Typhoon scanner images of gelatin phantoms with increasing PpIX 
concentration from 0 µg/ml up to 5 µg/ml are shown.  The Typhoon scanner is typically 
used to image ex vivo tissue.  Each slab is a slice from a larger phantom that is roughly 
10mm x 20mm x 2mm.  In (b), the pixel intensity values from the Typhoon scanner are 
plotted against the PpIX concentration of the corresponding sample. 
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 The homogeneous gelatin phantoms were also measured using the 

fluorescence tomography system, as shown in Figure 3.4.  The measured 

values were summed for each concentration, and the results are plotted below.  

At 0.08 µg/ml, the linear range of the system tapers off due to the fluorescence 

level being in the noise floor.  Similarly (although not shown on plot), above 10 

µg/ml, the spectrometers become saturated for a similar integration time and 

the system is not in its linear range of operation.  This is promising, because, as 

shown later in Chapter 4, the ex vivo fluorescence of mouse skin and tumor fall 

within this range. 
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Figure 3.4:  Using the fluorescence tomography system, the linear range of calculating 
PpIX concentration was determined.  Between 0.08 µg/ml and 10 µg/ml of PpIX, the 
system is in its linear range of operation.  Above and below those concentrations, the 
system is in either the noise floor or the saturation region. 
 
 
 For two-layer phantoms, a thin layer of gelatin (approximately 1-2 mm 

thick to mimic mouse skin) was placed on top of a layer with a different PpIX 

concentration.  To simulate a three-layer tissue with a tumor present, the 

phantoms were created with a gelatin bump in between the 2 layers – a thin top 

layer for the skin, and a bottom background layer – to replicate the size and 

shape seen in subcutaneous tumors.  Exact measurement of the thickness of 

the top layer and size of the middle layer was done using the ultrasound 

images.  These values were easily quantified. Sample ultrasound images of 2- 

and 3-layer phantoms are shown in Figure 3.5.   
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Figure 3.5:  Part (a) shows an example of a 2-layer gelatin phantom ultrasound image.  In 
part (b), the ultrasound image shows a 3-layer gelatin phantom.  The PpIX concentration 
of each layer is controlled to simulate real in vivo situations when imaging mice.  The 
upper lines in all images are the edge of the ultrasound transducer membrane and there 
is several mm of clear gel between the membrane and the phantom. 
 
 
 Figures 3.6 and 3.7 demonstrate results of the ability of the system to 

recover fluorescence values for 2-region phantom experiments.  In part (a), the 

bottom region concentration was varied from 0.0 µg/ml PpIX in intralipid up to 

5.0 µg/ml PpIX, while the top layer was kept constant at 0.625 µg/ml.  The true 

values, the reconstructed values, and trendlines for the reconstructed values 

are all included in the plot.  These experiments have been duplicated multiple 

times with similar succes, but with varying phantom and reconstruction 

parameters. 

a) b) 
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Figure 3.6: This figure shows the true values, the reconstructed values, and trendlines 
for the reconstructed values for a case with the bottom region concentration was varied 
from 0.0 µg/ml PpIX in intralipid up to 5.0 µg/ml PpIX, while the top layer was kept 
constant at 0.625 µg/ml. 
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Figure 3.7: In this experiment, the top region concentration was varied from 0.0 µg/ml 
PpIX in intralipid up to 5.0 µg/ml PpIX, while the bottom layer was kept constant at 0.625 
µg/ml.  The true values, the reconstructed values, and trendlines for the reconstructed 
values are all included in the plot. 
 
 
 These two figures provide an important look at the fundamental difficulty 

with in vivo imaging in mice.  In both cases, PpIX quantification in the thin top 

layer is weighted by the fluorescence in the larger bottom layer.  However, this 

may just indicate an inability to quantify PpIX in the skin, without implying very 

much about the accuracy of quantification in a tumor region. 

 Measurements on three-region tissue phantoms were also taken to 

demonstrate feasibility of the system when used in vivo for a skin tumor.  In 

order to verify this, three-region tissue phantoms were imaged.  In the first part 

of the experiment, the “tumor” region had four times the PpIX concentration 
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compared to the “skin” region.  The opposite case was also imaged, with the 

“skin”region having a PpIX concentration four times higher than the “tumor” 

region.  In Figure 3.8, parts (a)-(d) show the ability to reconstruct an image in 

the first case.  Starting with an ultrasound image, region segmentation is 

performed.  A three-region mesh is generated from this segmentation, and the 

image is reconstructed with a fluorescence overlay added on top of the original 

ultrasound image.  The second case was also imaged, with the top layer having 

a higher fluorescence than that of the middle layer.  These results show the 

potential for the system to delineate between middle fluorescent layers being 

more and less fluorescent than the top skin layer.  While the results aren’t 

exact, the overlaid images provide a good way of visualizing the 

reconstructions.  In the first case, the tumor region fluorescence was 

determined to be approximately 2.5 times greater than the skin region 

fluorescence, while the true ratio was actually 8:1.  In the second case, the 

tumor region fluorescence was determined to be approximately 12 times less 

than the skin region fluorescence, while the true ratio was actually 1:8. 
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Figure 3.8: In these experiments, a three-region tissue phantom was created using 
gelatin phantoms with three different PpIX concentrations.  In the first case, the middle, 
or “tumor,” region has a concentration four times higher than the concentration in the 
top, or “skin,” region.  These images are shown in (a)-(d) with the segmentation and 
mesh generation steps included, as well as the fluorescence overlay on the ultrasound 
image.  In the second case, parts (e)-(h), the “tumor” region had a concentration four 
times lower than that of the top layer.  The segmentation, mesh generation, and 
fluorescence overlay are shown for this case as well. 

 
 
3.3 Future Tissue Phantom Work 

 There are ongoing tissue phantom experiments to further test and 

validate the functionality of the fluorescence system.  At this point, automation 

of the process from data acquisition all the way through image reconstruction is 

the main focus.  Additionally, reliability of the reconstruction algorithm needs to 

a) b) 

c) 

d) 

e) 
f) 

g) 

h) 
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be fully realized.  In order to accomplish this, multiple sets of two- and three-

region phantom studies need to be done by different users to ensure similar 

results.  Studies have been done to study the effects of varying phantom tumor 

size, phantom tumor concentration, and phantom overlying skin thickness.  

These results have not yet been analyzed due to the current lack of 

reconstruction repeatability but will provide important information once reliability 

has been achieved.  Potential solutions for the reliability issue will be discussed 

in Chapter 5.  

 

Chapter 4: Pilot In Vivo Data 

4.1 Pre-clinical In Vivo Studies 

 All procedures using animals were conducted under protocols approved 

by the Institutional Animal Care and Use Committee (IACUC).  The cell lines 

used were the human epidermoid carcinoma (A-431, ATCC-CRL-#1555), 

human glioblastoma cell line U251 (ATCC-99522)-and the rat gliosarcoma (9L-

ATCC-CRL#2200) All lines were grown in Dulbecco's Modified Eagle's Medium 

(Mediatech, Inc., Manassas, VA, Cat #10-013-CV) supplemented with penicillin 

(100units/ml)-streptomycin (100 µg/ml) (HyClone, Logan UT, Cat # SV30010). 

Cells were grown to 80% confluency in culture, trypsinized and brought into 

solution in PBS at 2x107 cells/ml. 

 Mice were 6-7 week old male athymic NCr-nu/nu nude mice (strain 

01B74) purchased through the NIH Animal Procurement Program.  The skin on 

the flank was prepared using 70% alcohol.  Fifty µl of cell suspension was 
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injected slowly beneath the skin using a 25 gauge needle.  Mice were 

maintained, monitored and used between the 7th and 14th day after injection, 

when tumors were 3-7mm in diameter.  Tumor measurements were made in 

three dimensions using calipers and tumor volume was estimated based on the 

ellipsoidal formula (π/6)(d1*d2*d3) [38]. 

The optical properties of nude mice are well documented [39].  In the 

skin, these properties are 0.051 mm-1 for µax, 2.36 mm-1 for µsx’, 0.020 mm-1 for 

µam, and 2.11 mm-1 for µsm’.  In muscle, these properties are 0.051 mm-1 for µax, 

0.50 mm-1 for µsx’, 0.024 mm-1 for µam, and 0.38 mm-1 for µsm’, and in adipose 

tissue, these properties are 0.0028 mm-1 for µax, 1.24 mm-1 for µsx’, 0.0013 mm-1 

for µam, and 1.18 mm-1 for µsm’.  Ex vivo imaging with the GE Typhoon scanner 

was performed to look at the true fluorescence of sections of the skin and 

tumors after sacrificing the mouse.  Three-hour and 24-hour time points after 

ALA injection were viewed in order to compare the amount of PpIX in the 

different tissue types.  Figure 4.1 shows examples of U251, A431, and 9L 

tumors and skin.  In all cases the brightest spots in the images are skin, while 

the darker tissue is the tumor.  Note that while the skin is the most fluorescent 

part, but the tumor also fluoresces. The images in Figure 4.1 parts (a) and (b) 

show images at the three-hour time point for U251 tumors from the same 

mouse in the left and right flank, respectively.  In (c) and (d), the same tumors 

are shown at 24 hours.  In (e)-(h), the same images are shown for A431 tumors.  

The A431 tumors definitely fluoresce more than the U251 at three hours and at 

24 hours.  Images of the 9L tumor line are shown in (i) and (j), but only at three 
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hours.  A total of 15 mice with tumors were imaged as well as two mice without 

tumors.  Most of the tumor mice had two tumor sites which were images. 
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Figure 4.1:  In parts (a) and (b), images show the PpIX fluorescence at the three-hour time 
point for U251 tumors from the same mouse in the left and right flank, respectively.  In (c) 
and (d), the other U251 tumors are shown after excision at 24 hours post-ALA injection.  
In (e)-(h), the same series of images is shown for A431 tumors.  The A431 tumors exhibit 
more fluorescence than the U251 line, both at three and 24 hours.  Images of the 9L 
tumor line are shown in (i) and (j), but only at three hours.  The 9L tumors always have 
the least fluorescence and can be used as a baseline tumor for reference to the other 
types after ALA administration.  The surrounding skin is shown for all cases and is the 
brightest tissue on each slide. 
 
 
   Figure 4.2 is a bar graph that compares the ex vivo fluorescence 

intensity values of the tumors and surrounding skin for each tumor line at 3 and 

24 hours.  Of interest is that the 9L tumors always have the least fluorescence 

and can be used as a baseline tumor in reference to the other types. 

i) j) 

9L at 3 hours 
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Figure 4.2:  The ex vivo fluorescence intensities from 9L, U251, and A431 tumors and the 
surrounding skin are compared at three hours.  Additionally, data from U251 and A431 
tumors and the surrounding skin are compared at 24 hours.  At least two tumors were 
looked at for each group.  At least five points from inside at least two tumors for each 
group were averaged for this figure. 
 
 
 Figure 4.3 shows a typical reconstruction result for a subcutaneous 

tumor in a mouse.  In this particular experiment, a nude mouse was injected 

with a U251 tumor.  When the tumor was palpable, we imaged the affected area 

with the hybrid HFUS-FMT system.  Approximately two hours before imaging, 

the mouse was given an intramuscular injection of ALA.  Previous studies have 

shown that mouse skin is highly fluorescent and can easily produce more 

fluorescence than tumors, even when animals are on a specialized diet to 
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reduce autofluorescence [40].  The HFUS-FMT image shown here indicates 

lower levels of fluorescence yield in the tumor than in the skin.  These results 

were verified with ex vivo fluorescence scans of tissue harvest from the animal 

immediately after imaging using the GE Typhoon 9140.  These values fall well 

within the linear range in which the system operates.  The Typhoon images 

indicate that the skin contains approximately four times the fluorescence found 

in U251 tumors, while the in vivo fluorescence image indicates about ten times 

contrast.  This emphasizes the need for an accurate initial guess in each layer 

for accurate quantification.  

 

Figure 4.3:  Part (a) illustrates an overlay of a reconstructed fluorescence image on top of 
its corresponding ultrasound image for a U251 tumor.  In part (b), the ex vivo results 
from the same tumor are shown.  The results clearly show how much more fluorescent 
the skin is than the tumor, even though the PpIX production in the tumor has been 
enhanced with ALA injection. 
 
 

a) b) 

1 cm 
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 This animal work on the A431 tumor line was also verified using confocal 

microscopy on ex vivo tissue samples.  Confocal microscopy can also be used 

to detect the fluorescence of a sample tissue.  As shown below in Figure 4.4, 

the skin is more fluorescent than the tumor as has been previously stated. 

 

Figure 4.4:  Confocal microscopy images of an A431 tumor are shown.  The tumor tissue 
and the skin both light up, but the skin is clearly more fluorescent. 
 
 
4.2 Future In Vivo Work 

 For experimental work, there is potential for this system to be used for a 

variety of in vivo applications.  Before any of these applications can be realized, 

extensive in vivo validation of the system must be completed.  This system can 

be used for comparing ALA uptake in various lines of tumors, and potentially 

Tumor 

Skin 

Tumor 
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monitoring PpIX production in tumors.  Temporal imaging over the course of 

several hours after the application of ALA could be done to quantify the PpIX 

update in tumors.  More work should be done to compare U251 and A431 cell 

lines, and the A431 cell line should also be investigated more in-depth to 

determine the PpIX production of that tumor model.  A study comparing the 

reliability of the Aurora dosimeter to this fluorescence system should be done.  

Additionally, topical application of methotrextate, or MTX [41-42], and Vitamin D 

[43] have been shown to increase PpIX production in tumors and can be 

examined carefully in a study utilizing this system.  Another interesting 

investigation (Figure 4.3) involves the use of iron chelators, such as 

desferoxamine (DFO), to modify the PpIX synthesis pathway, preventing the 

synthesis of heme [44].  When DFO is used, the PpIX fluorescence contrast is 

significantly higher than a control tumor as shown in Figure 4.5 in work done by 

Valdes et al. 
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Figure 4.5:  Chelation treatment effects are shown with a box and whisker diagram of 
PpIX fluorescence contrast in tumor tissue for both control and DFO treatment groups. 
Unpaired Student’s t-test associated P-value = 0.0020. Box and whisker diagram 
represents mean ((n) square); ±1 SD top and bottom of each box, respectively; maximum 
and minimum-vertical bars extending from each box; n = 30.  Iron chelation affects the 
heme biosynthesis pathway, allowing more PpIX to be produced [43]. 

 

Chapter 5: Final Remarks 

5.1 Discussion 

Accurate quantification of PpIX production in skin tumors remains an ongoing 

challenge.  PpIX production and photodynamic treatment efficacy are unclear 

for deeper tumors, yet methods to enhance production are available and easily 

implemented.  High-frequency ultrasound provides a clear structural image that 

allows us to combine anatomical information with fluorescence data for 

accurate recovery of fluorescence yield.   

The design goals of the ultrasound guided fluorescence recovery system 

included straightforward and modular system integration.  Simulations and 

phantom testing were used to validate the system.  The problem of sub-surface 
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tomography is known to be particularly difficult when there is an upper layer that 

is significantly more fluorescent than the lower layer, which is the case with 

mouse skin. Because of the dramatic drop in sensitivity with depth and the 

underdetermined nature of the problem it is reasonable to assume that bright 

superficial layers prevent accurate recovery of fluorescence in deeper layers.  

This problem can potentially be solved by achieving a more accurate initial 

guess of optical properties.  The initial guess is currently being overestimated 

due to the high fluorescence of the skin.  It might be feasible to use a different 

initial guess for each region based on user input. 

 The current fiber setup is also being redesigned.  The fibers are currently 

spaced more than necessary, which leads to a lack of light at far source-

detector pairs.  Decreasing this distance will allow for more light to get to the 

spectrometers and potentially shorter integration times for faster data 

acquisition.  Protecting the fibers from breaking will also be of the utmost 

importance in this new design along with minimizing the distance between the 

ultrasound probe and the optical fibers.  By angling the fibers towards the 

ultrasound probe, it will be possible to perform simultaneous data acquisition in 

the ultrasound and fluorescent modalities while negating the difference in 

imaging planes. 

 The new design of the probe should lead to more reliability with more 

light available.  It should also provide higher sensitivity in the thin top layer 

above the tumor-layer depths.  Filter wheels should be added to each channel 

to allow for collection of a transmission signal from the excitation sources.  
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Ratioing the fluorescence data by this transmission signal greatly increases the 

reliability of data calibration.  The inclusion of a white-light source in the optical 

path of the system would also provide extra transmission information.  These 

changes should positively affect the reliability of image reconstruction, which is 

currently the stage of the process that needs to be further investigated.  While 

lacking sensitivity in the top skin layer, we have achieved linear sensitivity at 

tumor depths in tissue phantoms.  Additionally, this system can currently 

measure PpIX fluorescence concentration deeper than the Aurora dosimeter.  

By coupling this system with ultrasound, the tumor volume can also be 

visualized with high resolution.  

The system defined here is reasonably well established and ready to be 

extensively validated and tested with a new fiber interface. Ex vivo validation of 

the PpIX levels will be a critical step towards imaging in humans.  In terms of 

data collection and signal processing, the optical-electrical system integration is 

largely completed.  To make the system useable by non-technical staff, the 

image recovery process must be automated as much as possible.  This 

includes image segmentation and mesh generation of the HFUS images. As 

with most cases of image processing to guide finite element modeling, the 

image segmentation still may require some user-guided activity to avoid errors 

from the speckle and noise in the ultrasound images, but the process of region-

growing segmentation is fairly simple and could possibly well with these 

images, minimizing user input.  However, it is likely that further work on image 

processing may improve the reliability and automation of the procedures used. 
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For the system hardware, longer optical fibers need to be purchased so 

they optimally fit to the ultrasound system.  The fiber probe holder – while it 

adequately protects the fibers – will need to be modified in order to minimize the 

distance between the mounted ultrasound transducer and the fiber plane.  

Another way to modify the fibers is the use of fiber bundles that would allow for 

light pickup very close to the sources.  

5.2 Conclusions 

 The first high-frequency ultrasound-guided fluorescence tomography 

system for imaging skin tumors has been described and characterized.   The 

streamlined data flow will allow for non-expert users to perform fluorescence 

imaging with minimal necessary experience.  Simulated data demonstrated the 

feasibility of quantifying fluorescence signals from multi-layer, and phantoms 

studies validated the system’s performance in a certain range of operating 

conditions.  Phantom results demonstrated the ability to determine fluorescence 

in multi-layer situations mimicking skin tumors, and an initial in vivo test case in 

an animal produced images that matched the corresponding ex-vivo scans 

closely.  Overall, this system development is a work-in-progress, and more 

needs to be done to ensure reliability and accuracy of measurements.  A 

complete pre-clinical study should be carried out to analyze the system 

performance for the logistical challenges presented by various shapes, sizes, 

depths and PpIX concentrations of tumors. Following this, prospective studies 

will be carried out to examine biological modifiers for enhancing PpIX 

production in these intradermal tumors.  However, the main difficulty with this 
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imaging system is the requirement to image negative contrast.  Positive 

contrast is much easier to quantify for this system, but in mice models, the high 

fluorescence of the skin is the biggest problem to overcome.  

 The data calibration procedure should also be revisited.  Spectral fitting 

was not utilized in this study for data calibration, but it has been showed to 

increase the linear range for fluorophore quantization in tissue phantoms [34].  

For the fluorescence tomography system, there are several issues that must be 

addressed in the future for successful imaging.  Measuring a signal for the 

farthest source-detector pair is quite challenging.  Adding more light to the 

system has the potential to solve this.  Additionally, the optical fiber setup needs 

to be reconsidered.  The distances between the fibers could be shortened to 

allow more light to pass between sources and detectors.  However, it is a 

tradeoff between saturating the near sources while not getting a fluorescent 

signal at the far sources.  Utilizing a fiberoptic setup similar to the Aurora 

dosimeter (fiber bundle with source surrounded by several detection fibers) for 

each location is one potential solution that should be investigated [16].  This 

approach does not solve the saturation problem, but comparison of the near 

source-detector pairs and the far source-detector pairs may provide insight on 

how to proceed in the future. 
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Appendix A –Pinouts for National Instruments USB-6009 Data 

Acquisition Card 

Connection 
Name 

Terminal 
Number 

DAQ Card 
Number 

Terminal 
Name 

Source 1 (+) 2 1 AnalogOut0 
Source 1 (-) 1 1 GND 
Source 2 (+) 3 1 AnalogOut1 
Source 2 (-) 4 1 GND 
Source 3 (+) 2 2 AnalogOut0 
Source 3 (-) 1 2 GND 
Source 4 (+) 3 2 AnalogOut2 
Source 4 (-) 4 2 GND 
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Appendix B – MATLAB Routines 

The following MATLAB routines are used for data calibration, simulations, and 

mesh generation.  Graphs.m takes in the raw data files from the spectrometers 

and calibrates the data for spectrometer sensitivity and source strength.  It also 

scales the data to the model based on factors from a homogeneous mesh with 

known PpIX concentration.  Add_layer.m was coded to allow for easy two-

region simulations.  Taking a homogeneous mesh and a depth input, it adds a 

region on the top with different optical properties as specified by the user.  

Mask2mesh_addskin.m was developed by Hamid Ghadyani and receives a 

bitmap that has two segmented regions (tumor and skin).  This routine adds a 

third region for background and generates a finite element mesh.  

Mesh_to_nirfast.m was written to convert the mesh generated in 

mask2mesh_addskin.m to a format compatible with NIRFAST.  It adds optical 

properties and a region value to each of the elements. 

 
graphs.m 
function data_out = graphs( fn ) 
  
% calibrates data for 4 sources and 5 detectors 
% loads dark data 
for i = 1:5 
    filename = [ fn '_dark_spec' int2str( i ) '.txt' ]; 
    dark_data( :, :, i ) = load( filename ); 
end 
  
% loads data, subtracts dark data and sums fluorescent region 
for i = 1:4 
    for j = 1:5 
        filename = [ fn '_laser' int2str( i ) '_spec' int2str( j ) 
'.txt' ]; 
        data( :, :, (i-1)*5 + j) = load( filename ); 
        data2( :, 2, (i-1)*5 + j ) = data( :, 2, (i-1)*5 + j ) - 
dark_data( :, 2, j ); 
    end 
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end 
for i = 1:20 
    fluor( i ) = sum( data2( 410:490, 2, i ) ); 
end 
  
% calibrates data for detector sensitivity based on previous factors  
% calculated from homogeneous phantoms 
for j = 1:4 
   fluor_cal2( 5*(j-1) + 1 ) = fluor( 5*(j-1) + 1 ); 
end 
d_fact_old = [1.0000 1.0372 1.1990 1.0853 1.0483]; 
d_fact_new = [1.0000 0.5869 0.777989 0.70562 0.6774]; 
for i = 1:4 
    for j = 1:4 
         fluor_cal2( 5*(j-1) + i + 1 ) = fluor( 5*(j-1) + i + 1 ) * 
d_fact_new( i + 1 ); 
    end 
end 
  
% calibrates data for source strength based on near-detector 
differences  
s_fact( 1 ) = 1; 
s_fact( 5 ) = 1; 
for i = 1:3 
    s_fact( i+1 ) = fluor_cal2( 1 ) / fluor_cal2( ( i ) * 6 + 2 ); 
    fluor_cal2( (5*i + 1):(5*(i+1)) ) = fluor_cal2( (5*i + 
1):(5*(i+1)) ) * s_fact( i + 1 ); 
end 
  
%multiplies by factors to match the measured data to the model data 
mult_factors = [ 4.8001e-012 7.7860e-012 1.4950e-011 3.0177e-011 
3.4197e-011 8.5760e-012 5.5137e-012 5.0402e-012 1.4386e-011 1.9159e-
011 1.1776e-011 1.0824e-011 4.2567e-012 4.9549e-012 9.2131e-012  
1.8136e-011 1.9311e-011 1.1267e-011 5.9623e-012 4.8060e-012]; 
data_out.amplitudefl = fluor_cal2' .* mult_factors'; 
 

 

add_layer.m 
function mesh = add_layer(mesh, y, muaf, region) 
  
% used to add a layer of differing fluorescence 
% to the top of a homogeneous mesh up to the 
% input distance 
% J Gruber 2010 
  
dist = abs(mesh.nodes(:,2)); 
mesh.muaf(find(dist>=y)) = muaf; 
mesh.region(find(dist>=y)) = region; 
disp(['Number of nodes modified = ' num2str(length(find(dist>=y)))]); 
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mask2mesh_addskin.m 
function [mesh_e mesh_p ext_bdy_nodes mesh_edges mesh] = ... 
                         
mask2mesh_addskin(I,pixel_dim,edge_size,tri_area) 
% [mesh_ele mesh_nodes bdy_nodes] = mask2mesh_addskin(I) 
% Creates a 2D triangular mesh using the mask info defined in I 
% I : input mask (either filename or a grascale image matrix 
% pixel_dim : size of each pixel in mm, cm, inches ... 
% edge_size : size of exterior boundary edges (that contains the whole 
% mask) 
% tri_area : area of each mesh triangle, this number specifies the 
maximum 
% area that any given triangle in the final mesh would have. 
%  
% To control the number of nodes make sure 'edge_size' is reasonable 
and 
% then alter 'tri_area' 
% 
% The outputs are: 
% mesh_e: 'ne' by 3 matrix,  
% mesh_p: nn by 2 matrix, containg node coordinates 
% ext_bdy_nodes:  nbdy by 1, indecies to mesh_p matrix identifying the 
nodes 
%             that are sitting on outmost boundary of the mesh. 
% mesh_edges: exterior edge connectivity 
% mesh : the output of the function: 
%        mesh.nodes 
%        mesh.elements 
%        mesh.regions 
%  
% Written by: 
%  Hamid R Ghadyani : July 2009 
% Modified by: 
%  Hamid R Ghadyani : March 2010 
 
%% Based on the test image sent by Josiah, pixel dimension is 0.1923 
if nargin==1 || nargin==0 
    pixel_dim = 0.0238; 
    edge_size = 25; 
    tri_area = 200.0; 
elseif nargin>=2 && isempty(pixel_dim) 
    pixel_dim = 0.0238; 
elseif nargin>=3 && isempty(edge_size) 
    edge_size = 25; 
elseif nargin>=4 && isempty(tri_area) 
    tri_area = 200; 
end 
  
%% Read in image from file or matrix 
if nargin>=1 
    if ischar(I) 
        a=imread(I); 
        [fn ext]=remove_extension(I); 
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    else 
        a=I; 
        fn='mask2mesh-output'; 
    end 
else 
    [fname, pname, filterindex] = uigetfile({'*.*',... 
        'Select Image File '},... 
        'Please select an image file',... 
                        'MultiSelect','off'); 
    fname = [pname fname]; 
    a=imread(fname); 
    [fn ext]=remove_extension(fname); 
end 
  
if ndims(a)==3 
    a=rgb2gray(a); 
end 
  
% Add skin and calculate the pixel size 
[a pixel_dim] = addskin(a); 
a = flipdim(a,1); 
  
mask=a; 
  
% Create a 2D boundary for the exterior of the mask 
foofn = [fn '_ext']; 
[extb_e, extb_p] = GetExteriorBoundary(mask,edge_size); 
write_nodelm_poly2d(foofn,extb_e(:,1:2),extb_p(:,1:2)); 
  
%% For checking the density of nodes on the exterior boundary you can 
%% comment this out 
figure;plotbdy2d(extb_e,extb_p,'r'); 
  
% Run mesh generator 
syscommand = get_path_to_exec('triangle.exe'); 
% delete existing mesh files 
if exist([foofn '.1.ele'],'file') 
    delete([foofn '.1.ele']);  
end 
if exist([foofn '.1.node'],'file') 
    delete([foofn '.1.node']) 
end 
% Run the mesh generator 
eval(['! ' syscommand ' -pqAa' num2str(tri_area) ' "' foofn 
'.poly"']); 
[mesh_e,mesh_p]=read_nod_elm([foofn '.1'],1); 
  
%% Get the nodes on the exterior of the mesh 
% the following two variables are not returned and those two lines can 
be 
% commented out 
mesh_edges = boundedges(mesh_p, mesh_e(:,1:3)); 
ext_bdy_nodes = unique([mesh_edges(:,1); mesh_edges(:,2)]); 
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mesh.nodes = mesh_p; 
mesh.elements = mesh_e(:,1:3); 
mesh.regions = GetNodeRegions(mesh,mask); 
mesh.nodes = mesh.nodes * pixel_dim; 
mesh_p = mesh_p * pixel_dim; 
  
% Plot the mesh 
figure; 
trisurf(mesh.elements,mesh.nodes(:,1),mesh.nodes(:,2),double(mesh.regi
ons)) 
view(2); shading interp; 
  
 
function [extb_e, extb_p] = GetExteriorBoundary(mask,edge_size) 
mask(mask ~= 0) = 1; 
C=contourc(double(mask),1); 
idx=1; 
startidx=2; 
totalnodes=0; 
p=[]; 
ele=[]; 
flag=true; 
counter=1; 
  
while flag 
    endidx=startidx+C(2,idx)-1-1; 
    mat = C(1,idx); 
    totalnodes=totalnodes+C(2,idx)-1; 
    for i=startidx:endidx 
        temp=C(:,i); 
        p=[p;temp']; 
        if i~=startidx 
            ele(counter,1)=counter-1; 
        elseif i==startidx 
           ele(counter,1)=totalnodes; 
        end 
        ele(counter,2)=counter; 
        counter=counter+1; 
    end 
    if i+1==size(C,2) 
        flag=false; 
    else 
        idx=i+1+1; 
        startidx=idx+1; 
    end 
end 
[extb_e extb_p]=create_nodes_perimeter(ele(:,1:2),p(:,1:2),edge_size); 
  
function regions = GetNodeRegions(mesh,mask) 
%% 
% Uses bwboundaries to query the location of points in 'nodes' in 
different 
% regions of 'mask' 
nodes = mesh.nodes; 
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regs = unique(mask); 
foo = mask; 
tmp1 = zeros(size(nodes,1),1,'int8'); 
tmp2 = tmp1; 
regions = tmp1; 
for i=2:length(regs) % ignore region whose ID is 0 
    bf = mask == regs(i); 
    mask(~bf) = 0; 
%     se = strel('square',2); 
%     mask = imdilate(mask,se); 
%     B = bwboundaries(mask,4); 
    B = getBDYfromContour(mask,regs(i)); 
    for j = 1:length(B) 
        bb = Bj; 
%         [IN ON] = inpolygon(nodes(:,1),nodes(:,2),bb(:,1),bb(:,2)); 
        IN = pnpoly_mex(bb(:,1),bb(:,2),nodes(:,1),nodes(:,2)); 
%         IN = IN | ON; 
        tmp1 = tmp1 + IN; 
    end 
    bf = (mod(tmp1,2)==1); 
    regions(bf) = regs(i); 
    mask = foo; 
    tmp1 = tmp2; 
end 
  
bf = regions == 0; 
if sum(bf) ==0, return; end 
elm = mesh.elements(:,1:3); 
changed = false; 
while true 
    for i=1:size(elm,1) 
         
            foo = bf(elm(i,:)); 
            if all(~foo) 
                continue; 
            elseif all(foo) 
                continue 
            else 
                val=max(regions(elm(i,:))); 
                for j=1:3 
                    if foo(j) 
                        regions(elm(i,j)) = val; 
                        bf(elm(i,j)) = false; 
                    end 
                end 
                changed=true; 
            end 
    end 
    if ~changed 
        break 
    else 
        changed = false; 
    end 
end 
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if sum(bf)~=0 
    error('Can''t determine the node region'); 
end 
  
 
function B = getBDYfromContour(mask,lvlval) 
  
B=0; 
  
bf = mask==lvlval; 
mask(~bf)=0; 
 
c=contourc(double(mask),1); 
  
idx=1; 
counter = 1; 
while idx<size(c,2) 
    c(1,idx) = lvlval; % assign the material code as contour value 
    endidx = idx + c(2,idx); 
    Bcounter = (c(:,(idx+1):endidx))'; 
    counter = counter+1; 
    idx = idx + c(2,idx) + 1; 
end 
  
 
mesh_to_nirfast.m 
function skin_mesh = mesh_to_nirfast(fn, init_vals); 
 
% convert the parameters to nirfast-compatible ones 
skin_mesh.nodes( :, 1:2 ) = mesh.nodes; 
skin_mesh.nodes( :, 3 ) = 0; 
skin_mesh.bndvtx = zeros( size( skin_mesh.nodes( :, 3 ) ), 1 ); 
skin_mesh.bndvtx( ext_bdy_nodes, 1 ) = 1; 
skin_mesh.elements( :, 1:3 ) = mesh.elements( :, 1:3 ); 
  
% add the parameters necessary for nirfast 
skin_mesh.dimension = 2; 
skin_mesh.type = 'fluor'; 
skin_mesh.muax( 1:size( skin_mesh.nodes( :, 3 ) ), 1 ) = 0.01; 
skin_mesh.kappax( 1:size( skin_mesh.nodes( :, 3 ) ), 1 ) = 0.330033; 
skin_mesh.musx( 1:size( skin_mesh.nodes( :, 3 ) ), 1 ) = 1; 
skin_mesh.ri( 1:size( skin_mesh.nodes( :, 3 ) ), 1 ) = 1.33; 
skin_mesh.muam( 1:size( skin_mesh.nodes( :, 3 ) ), 1 ) = 0.01; 
skin_mesh.kappam( 1:size( skin_mesh.nodes( :, 3 ) ), 1 ) = 0.330033; 
skin_mesh.musm( 1:size( skin_mesh.nodes( :, 3 ) ), 1 ) = 1; 
skin_mesh.muaf( 1:size( skin_mesh.nodes( :, 3 ) ), 1 ) = 10^-10; 
skin_mesh.eta( 1:size( skin_mesh.nodes( :, 3 ) ), 1 ) = 1e-004; 
skin_mesh.tau( 1:size( skin_mesh.nodes( :, 3 ) ), 1 ) = 0; 
  
% convert to the correct region 
skin_mesh.region( find( mesh.regions == 50 ) ) = 0; 
skin_mesh.region( find( mesh.regions == 60 ) ) = 1; 
skin_mesh.region( find( mesh.regions == 120 ) ) = 2; 
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skin_mesh.link = sparse(4,5); 
for i = 1:4 
  skin_mesh.link(i,1:5) = 1:5; 
end 
  
% automatically find left edges to place sources and detectors in the 
x plane 
left = min( skin_mesh.nodes( :, 1 ) ); 
skin_mesh.meas.coord = [left+4 0]; 
for i = 1:4 
    skin_mesh.source.coord( i, : ) = [skin_mesh.meas.coord( i, 1 
)+2.25 0]; 
    skin_mesh.meas.coord( i+1, : ) = [skin_mesh.source.coord( i, 1 
)+2.25 0]; 
end 
  
% find top of mesh for x position of sources and detectors to place in 
y plane 
for i = 1:5 
    skin_mesh.meas.coord( i, 2 ) = max( skin_mesh.nodes( find( 
((skin_mesh.nodes( :, 1 ) >= skin_mesh.meas.coord( i, 1 ) - 0.2 ) & 
(skin_mesh.nodes( :, 1 ) <= skin_mesh.meas.coord( i, 1 ) + 0.2 ) ) ), 
2 ) ) - 0.005; 
end 
for i = 1:4 
    skin_mesh.source.coord( i, 2 ) = max( skin_mesh.nodes( find( 
((skin_mesh.nodes( :, 1 ) >= skin_mesh.source.coord( i, 1 ) - 0.2 ) & 
(skin_mesh.nodes( :, 1 ) <= skin_mesh.source.coord( i, 1 ) + 0.2 ) ) 
), 2 ) ) - 0.5; 
end 
 
% set region fluorescent values to the input value 
skin_mesh.muaf( find( skin_mesh.region == 0 ) ) = init_vals( 1 ); 
skin_mesh.muaf( find( skin_mesh.region == 1 ) ) = init_vals( 2 ); 
skin_mesh.muaf( find( skin_mesh.region == 2 ) ) = init_vals( 3 ); 
 
skin_mesh.meas.fixed = 0; 
skin_mesh.source.fixed = 1; 
skin_mesh.source.fwhm( 1:4, 1 ) = 0; 
save_mesh( skin_mesh, 'C:\us guided tomo\data\skin_mesh' ); 
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