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Abstract 

 
 
X-ray micro-Computed Tomography (microCT) was combined with fluorescence 

tomography to allow structural and functional imaging in vivo.  MicroCT is an 

anatomical small animal imaging modality which offers high spatial resolution, but poor 

soft tissue contrast, consequently limiting its ability to image tumors in-vivo to a few 

anatomical sites. The incorporation of functional imaging capabilities from fluorescence 

tomography has the potential to enhance the information content by providing increased 

sensitivity to detecting cancerous tissues.  In this work, a fully non-contact fluorescence 

imager, designed to interface with an existing microCT scanner, was designed, 

constructed and performance demonstrated, according to the following goals: (i) provide 

maximal sensitivity using single photon counting techniques; (ii) utilize a non-contact 

interface which is compatible with microCT imaging; (iii) acquire fluorescence and 

transmission signals in parallel; (iv) complete a total imaging sequence in several 

minutes; (v) image with multiple detectors in parallel; and (vi) develop an automatic 

exposure routine for data SNR optimization.  Each of these goals was achieved and the 

system and performance characterized & validated through phantom imaging and a small 

animal pilot study. 
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Chapter 1 Molecular Imaging with Fluorescence 

 
 

In the last decade, considerable development has gone into assessing the clinical 

potential for NIR diffuse optical tomography as a noninvasive modality for functional 

and metabolic imaging of human tissue [1-4].  Similarly, imaging fluorescence in vivo 

has been investigated to monitor drug uptake, enhance contrast in diseased tissue [5-7], 

and resolve molecular activity [8, 9].  Though encouraging, many of these earlier studies 

utilized planar imaging techniques to produce superficial surface-weighted maps of the 

underlying fluorophore distribution while recent advances have focused on improving 

instrumentation and algorithms to allow tomography and ultimately quantitative imaging.  

The evolution of fluorescence imaging is summarized in the following sections.  Figure 

1-1 provides a high level overview of the various approaches that have been investigated 

beginning with (a) planar surface imaging, (b) subsurface tomography, and (c) 

transmission tomography. The specifics of each as well as the benefits, drawbacks, and 

state of the art for approaches to imaging fluorescence is this chapter.  

 

Figure 1-1: An illustration presenting the three most common geometries that have been 
investigated for fluorescence optical imaging.  Examples of (a) remission mode planar 
imaging, (b) remission or sub-surface tomography, and (c) transmission tomography.   

TissueTissue

   Source 
Detector

(c)(b)Tissue (a) 
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1.1 Planar Fluorescence Imaging 

Fluorescence imaging in a reflectance or remittance geometry, also known as 

fluorescence remission imaging (FRI), or planar imaging, is a common technique which 

is often used to create a topological map of the fluorescence intensity at the surface of the 

specimen.  This technique, illustrated for the remission geometry is shown in Figure 1-1 

(a) where a broad beam source is used to illuminate a large area on the surface of the 

specimen. The diffuse fluorescence light is then collected within the field-of-view (FOV) 

using a CCD, for example.  Planar fluorescence imaging systems are inherently incapable 

of imaging deeper than a centimeter into tissue, due to the diffusive nature of light 

propagation in tissue which makes the remitted signal inherently surface-weighted [10].  

This phenomenon can be attributed to the fact that propagation of visible and NIR light in 

biological tissue is dominated by absorption and scattering events which inherently 

impose geometrical and attenuation limitations that make clinical imaging at depth 

extremely challenging.  In recent years, this technology has been investigated for 

detecting lesions in animal models [5, 6, 10-13] and as a surgical guidance probe for 

large animals [14] and humans [15, 16].  Graves et al. [17] and Ntziachristos et al. [12] 

have however demonstrated the inability to image deep targets embedded in a highly 

scattering media using planar reflectance and transmission imaging techniques, 

respectively.  Though planar imaging is known to be suboptimal, it is simple to 

implement and has been successfully commercialized by many companies including, 

Advanced Research Technologies, Inc. (Optix), and Xenogen - Caliper Lifesciences 

(IVIS), among others.  Table 1-1 provides a high level overview of the technology 
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specifics as well as the benefits and drawbacks to the approaches these companies have 

taken in developing fluorescence imagers.     

In the first part of Table 1-1 the ART Optix system is summarized with the 

instrumentation setup shown in Figure 1-2 (a) along with representative images of 

fluorescence lifetime and intensity for an unknown target in (b).  The instrumentation 

approach behind the ART system utilizes a pulsed diode laser in line with a motorized 

attenuator to adjust the source strength.  Galvanometers then position the source on the 

surface of the specimen and collect the remitted signals on the same side of the tissue, 

where they are directed towards a PMT where the photons are detected and digitized 

using time-correlated single photon counting instrumentation. In theory, time-domain 

approaches have the potential to allow for better separation of the intrinsic and exogenous 

fluorescence signals assuming the individual lifetimes can be deconvolved. This has 

however proven to be quite challenging in-vivo, where multiple lifetime signals are 

combined, making deconvolution challenging or impossible. The representative Optix 

images are shown merely for illustrative purposes only, as a more elaborate example 

planar imaging example is shown for the IVIS in Figure 1-3.  The Xenogen IVIS system 

is then shown in Figure 1-2 (a) where CW CCD-based transmission or remission planar 

imaging can both be achieved for certain models of the system. A schematic illustration 

of IVIS instrumentation is shown in Figure 1-3 (a) where a tungsten-halogen lamp is used 

as the source, and sets of bandpass filters in line with the source allow for wavelength 

tuning.  The remitted or transmitted signals are then collected over a user selectable field 

of view by a CCD cooled to -90 C.  Figure 1-3 illustrates a time course of fluorescence 

images (c) for an animal implanted with a Glioblastoma (b) tumor line, post injection of 
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Cy5.5, a fluorescence probe with an excitation spectral peak  650nm and an emission 

peak at 670nm. This dataset is truly representative of what is typical for fluorescence 

planar imaging and the challenges of animal imaging are clearly illustrated including:  

• Tissue autofluorescence – Also known as intrinsic fluorescence, these signals 

corrupt datasets and often make it hard to distinguish the extrinsic fluorescence 

signals.  Autofluoresence is known to be particularly strong in an animal’s gut and 

this becomes clear upon examination of the 24 hour time point in Figure 1-3 

where the tissue autofluorescence signals in the majority of the body exceed that 

in the ROI. It has however been shown that a chlorophyll-free diet can mitigate 

autofluorescence in this wavelength range used in this study, which also 

corresponds to that of Pp-IX, the fluorophore used in this thesis [13]. 

• Image Saturation – Also apparent upon examination of Figure 1-3 challenge 

inherent to planar imaging which involves maximizing the detected signal in the 

ROI, without saturating the CCD which can lead to blooming artifacts and 

ultimately distortion of the image.  Image saturation can be observed in Figure 1-3 

for the 0 h and 1 h timepoints, as indicated by the red portion of the image.  Here, 

this red region is almost certainly the CCDs maximum number of counts as 

defined by the well capacity.  It should be noted that the saturation issue even 

more of an issue in low light applications (bioluminescence or low yield 

fluorescence) and particularly when CCDs are not equipped with very low (-70 C) 

cooling capabilities.  In this scenario the dark counts can contribute significantly 

to the overall signal, thereby diminishing the signal contribution from the 

extrinsic fluorophore of interest.  
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Table 1-1: Example fluorescence planar imaging approaches taken by ART, Inc. and 
Xenogen – Caliper Lifesciences.  The CCD and time-domain approaches taken by these 
companies are representative of the space as a whole.    
 

Advanced Research Technologies – Optix  
 

Technology: Time resolved fluorescence intensity and lifetime imaging using a raster 
scanning approach to imaging in the remission geometry.  

Benefits: Low noise TCSPC equipment. 

Drawbacks: Deconvolution of multiple lifetimes in-vivo is extremely challenging. 
Remission mode imaging is surface weighted making imaging targets at depth 
challenging.  Geometry is not well set up for tomography as only near source 
measurements are obtained (limited depth information is obtained).  

 

 

Lifetime Intensity 

 
Figure 1-2: In (a) an illustration of ART’s approach to fluorescence imaging that utilizes 
TCSPC and rasterized excitation and collection.  Representative images of lifetime and 
intensity for an unknown target being imaged with an unknown fluorophore are shown in 
(b)1.    

Xenogen (Caliper Lifesciences)– IVIS  
 
Technology:  CW CCD-based transmission and remission planar imaging as well as 
transmission tomography capabilities. 

Benefits:  CCD cooled to -90C allow for low noise fluorescence and bioluminescence 
imaging.  

Drawbacks:  Remission imaging suffers same drawbacks as competitors and is illustrated 
in the figure below. Only fluorescence data is acquired in transmission imaging, which 
distorts the data drastically.  Fluorescence-to-transmission ratio data would improve 
quantification. 
     

                                                 
1 The schematic in (a) is taken from Keren, S. (2008) 18. Keren, S., et al., A Comparison Between a 
Time Domain and Continuous Wave Small Animal Optical Imaging System. IEEE TRANSACTIONS ON 
MEDICAL IMAGING, 2008. 27(1): p. 58-63.  and the image in (b) is taken from Advanced Research 
Technologies 19. Advanced Research Technologies, I., Optix MX2 - Take the Measure of Life: Time 
Domain Optical Imaging, in www.art.ca. 2009.. 

(a)  (b)
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(a) (b)  

  
 
Figure 1-3: A schematic illustration of the IVIS is shown in (a). In (b), an example T1-
Gadolinimum enhanced MRI of a Glioblastoma is shown alongside  (c) a timecourse 
fluorescence reflectance dataset acquired using the IVIS post Cy5.5 injection, a 
fluorescence probe with excitation and emission peaks at 650 and 6702.   
 

Perhaps the most successful demonstration of planar imaging to date has been in 

the fluorescence-guided surgical resection of malignant glioma.  Here, tumor resection 

using a planar imaging technique has been shown to significantly improve progression-

free survival when compared to conventional white-light surgical procedures [15, 16]. 

The imaging approach adopted in these surgical guidance applications uses the 

fluorescence provided by preoperative intravenous injection of a prodrug, 5-

aminolevulinic acid, from which the body biochemically synthesizes Protoporphyrin IX 

(Pp-IX). The standard technology deployed for guidance in these clinical imaging studies 
                                                                                                                                                 
2 The schematic in (a) taken from Keren, S. (2008) 18. Keren, S., et al., A Comparison Between a 
Time Domain and Continuous Wave Small Animal Optical Imaging System. IEEE TRANSACTIONS ON 
MEDICAL IMAGING, 2008. 27(1): p. 58-63. images in (b) and (c) are taken from Hsu, A. (2006) 20.
 Hsu, A.R., et al., In Vivo Near-Infrared Fluorescence Imaging of Integrin avb3 in an Orthotopic 
Glioblastoma Model. Molecular Imaging and Biology, 2006. 8: p. 315-323.. 

(c) 
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maps the remitted red fluorescence signal at the surface when illuminated with blue light, 

as shown in Figure 1-4.   

 
Figure 1-4:  A view of the surgical field for a malignant glioma as seen using (a) a 
conventional white light surgical microscope and (b) using fluorescence guidance.  It is 
clear that fluorescence guidance enhances the surgeon’s ability to distinguish between 
normal and malignant tissue3.   
 

As presently practiced the technology simply uses a broad beam excitation and 

fluorescence imaging approach without exploiting sub-surface light propagation which 

could be used for tomography.  Therefore, the ability to detect subsurface disease is 

severely limited by the diffusive scatter of tissue.  A subsurface tomography system, on 

the other hand, would provide increased depth resolution in addition to improved 

sensitivity to smaller targets and lower contrasts.  Ultimately, an imaging system with 

tumor-specific depth resolution may further extend patient survival by improving the 

sensitivity to smaller, lower contrast targets at depth.   

1.2 Subsurface Fluorescence Tomography  
 

Subsurface (remission, epi-illumination, or B-scan) imaging systems deliver and 

collect light from the same side of the tissue, with the diffuse projections collected at the 
                                                 
3 These figures taken from Stummer et al. (2000) 21. Stummer, W., et al., Fluorescence-guided resection 
of glioblastoma multiforme by using 5-aminolevulinic acid–induced porphyrins: a prospective study in 52 
consecutive patients. J. Neurosurg., 2000. 93: p. 1003-1013..  
 

(a)  (b)
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surface of the specimen being used to generate tomographic images of the underlying 

fluorophore distribution, as shown in Figure 1-1 (b).  The successful implementation of 

standalone remission-mode systems has thus far been limited primarily to intrinsic 

functional imaging of the brain [22, 23] [24, 25], and as a diagnostic tool for breast 

cancer screening [26, 27].  While it has been shown that these systems can detect relative 

changes in various parameters that are correlated with functional activity, a systematic 

study of the ability to exploit remission mode data to quantify parameters such as target 

size, position and concentration has yet to be definitively demonstrated. Most 

prominently, there has been no clear evidence that the development of subsurface 

fluorescence tomography could provide a useful imaging geometry.   

In the first part of this work sub-surface tomography is investigated through the 

development of a non-contact, sub-surface imaging system.  The system is evaluated both 

theoretically and experimentally, and its potential for providing clinically relevant 

information is evaluated.  System performance, in terms of the ability to quantify target 

size, position, and concentration, is evaluated as a function of target depth.  Biologically 

relevant contrasts are considered in simulations as well as 'best case' experimental 

scenarios.  A direct comparison of detectability between broad beam imaging and depth 

tomography is also compared to show that depth tomography increases the range of what 

is detectable down to smaller sizes and lower contrasts than broad beam imaging could 

achieve.  The results, highlighted in Chapter 2, can be generalized to most subsurface 

tomography geometries, and reveal that the target centroid location is the only parameter 

that can accurately be quantified.  That is, the calculated centroid location can serve as an 

accurate measure of depth in the range 0-10 mm below the surface.  This may be 
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adequate for applications where target detection and depth may be more important than 

quantification, such as in some clinical surgical guidance applications [15, 16, 21], but 

indicates that subsurface imaging is not well suited for small animal molecular imaging, 

where quantification and target localization are the ultimate goal.  

1.3 Transmission Fluorescence Tomography  

Transmisssion based tomography systems (Figure 1-1 (c)) deliver and collect light 

from different sides of the tissue surface.  Systems of this type are able to provide deep 3-

D volumetric maps of the fluorescence distribution and provide a modest amount of 

spatial resolution, with improved sensitivity to quantify lower contrasts [12, 28]. It is only 

recently that a few small animal fluorescence optical imagers have been designed for 

tomography.  Table 1-2 summarizes the system design evolution that transmission 

tomography systems have undergone over the last few years.  Here, first generation 

devices that submerged the animal in a chamber containing a matching fluid [29-33] are 

shown at the top of the table.  Most recent systems that utilized direct fiber coupling to 

the animal, but advanced spectral approaches to tomography are shown next [34], 

followed by fully non-contact approaches that utilize CCD-based detection [35].  Though 

these systems have demonstrated the ability to reconstruct volumetric images of the 

spatial distribution of fluorescence, they share a similar characteristic that can degrade 

imaging performance.  Specifically, the fluorescence and transmission measurements in 

these systems are acquired sequentially and often as much as 30 minutes apart.  This has 

the potential to lead to in inaccurate fluorescence to transmission ratio estimates, 

ultimately resulting in image artifacts or sub-optimal quantification and/or target 

localization, as a result of animal motion, variations in localized fluorescence as a result 
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of drug uptake characteristics, photobleaching, or source strength variations between 

datasets.  The fluorescence transmission tomography (FT) system described in this work 

used customized instrumentation to allow fully non-contact, parallel detection of the 

fluorescence and transmission measurements, in order to combat these data acquisition 

issues.      

Table 1-2: Example transmission based fluorescence tomography systems, including first 
generation systems that incorporated matching fluid, spectral detection approaches that 
utilized fiber coupling, and most recently free space systems.  
 

Matching Fluid 
Technology:  CW fluorescence tomography using CCD detection and animal submersion 
in a matching fluid.   

Benefits:  The use of matching fluid and a regular imaging geometry mitigate dynamic 
range issues inherent to CCD imaging and source/detector positioning positioning errors.  
Additionally, the fiber interface to the matching fluid tank achieves near perfect coupling.  

Drawbacks:  CCDs inherently have a very low dynamic range of approximately 100 at 
most. The attenuation due to the matching fluid further decreases the dynamic range (est. 
effective dynamic range – 10-50).  Circular, ring, or “breast tomography” geometry 
imposes additional dynamic range considerations due to the 2.5 cm matching fluid bore.  
From this one can infer a ~2+ OD difference in intensity between near-source reflection 
measurements and transmission measurements, meaning CCD saturation is likely an 
issue further reducing the useful number of measurements acquired per slice.    
 

 
 

Figure 1-5: In (a) the experimental setup is shown.  Here, the animal is submerged in a 
cylinder containing matching fluid and an optical switch is used to adjust the source 
position in acquiring 24 measurements for each of the three detection planes.  A 
representative image is shown in superimposed on an MR cross section (b)4.       

Spectral Detection Approaches 
Technology:  CCD CW based fluorescence tomography. The system utilizes 16 

                                                 
4 Figure 1-5 (a) taken from Ntziachristos (2002) 29. Ntziachristos, V. and R. Weissleder, Charge-
coupled-device based scanner for tomography of fluorescent near-infrared probes in turbid media. Medical 
Physics, 2002. 29(5): p. 803-9.. 

(a)  (b)
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spectrometers for detection to allow spectral separation techniques to enhance data 
quality. This approach relies on fiber-based collection, but was designed to be MRI 
compatible.        

Benefits:  The a-priori functionality obtained from MR compatibility somewhat offsets 
the poor SNR datasets acquired as a result of the fiber-based measurements being used. 
An example without priors is shown in Figure 1-6 (d).  

Drawbacks:  Trasmission and fluorescence measurements acquired in parallel, and CCD 
based detection results in long acquisition times (10s of minutes per acquisition). To date, 
experiments have used direct fiber coupling to the animal which deforms the tissue and 
ultimately results in image artifacts, as shown in Figure 1-6 (c).  Spectral separation 
techniques did not extend reconstruction linearity or improve detectability.    
 

 

 
(b) 

 
(c) 

 
(d)  

Figure 1-6:  The 16 spectrometer imaging system is shown in (a) along with the MR and 
MR compatible interface for tomography.   Representative results are show in (c) and (d) 
when reconstructions were performed without and with MR priors respectively.  An MR 
cross section of the head with the lesion identified by the arrow is shown in (b)5.  

Free Space Tomography 
Technology:  CCD-based non-contact fluorescence tomography using a raster-scanned 
source position.         

Benefits:  Non-contact imaging effectively eliminates coupling errors and source detector 
placement issues, if calibrated correctly.  3D data over a 1cm ROI is acquired in 
collecting a full dataset (15 minutes for each fluorescence and transmission).  The large 
datasets inherent to CCD imaging reduce the ill-posedness of the image reconstruction.     

Drawbacks:  The system requires a total acquisition time of 30 minutes, with 
fluorescence and transmission data be collected sequentially.  This introduces an 
fluorescence-to-transmission ratio error due to animal motion and optical property 
changes associated with contrast agent uptake/washout.  The CCD based imaging will 
almost certainly introduce SNR and blooming challenges when imaging irregular 
geometries.  Co-registration with another modality (microCT) is challenging as a 
common platform is not used.  The animal is currently placed on a CT bed in the 

                                                                                                                                                 
5 Figure 1-6 images taken from Davis (2008) 34. Davis, S.C., et al., Magnetic resonance-coupled 
fluorescence tomography scanner for molecular imaging of tissue. Review of Scientific Instruments, 2008. 
79(6): p. 064302-1-064302-10.. 

(a) 
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horizontal orientation and then suspended vertically for imaging, where it is rotated.          
 

   

Figure 1-7: (a) A schematic illustration of a fourth generation fluorescence tomography 
scanner that utilizes free space illumination and detection.  Representative images are 
shown in (b) for the case of amloid-β plaques.  Here, an ex-vivo fluorescence slice is 
shown at the top, followed by the FT reconstruction, and then along with the microCT 
overlay6. 

 

Studies of a-priori approaches to diffuse tomography have been ongoing for 

sometime [28, 38, 39], with promising results shown for imaging of breast cancers [40-

42] and small animals [43].  Yet diffuse imaging is plagued by low resolution recovery of 

the interior, because the reconstruction problem is an ill-posed inversion problem.  As 

such, the applicability of diffuse spectroscopy may have wider acceptance when used as a 

region-based spectroscopy tool, rather than a lone imaging tool. If prior information 

about the location and structure of a lesion can be provided an anatomical imaging 

modality, such as microCT, MRI, or ultrasound, it is known that the fluorescence could 

be quantified more reliably. The incorporation of a-priori structures in small animal 

imaging has only recently been demonstrated with MRI information [34], with no truly 

hybrid microCT-FT work published to date, though some studies have demonstrated CT-

fluorescence fusion images for co-registration in studies involving lung [44] and brain 

                                                                                                                                                 
6 Figure 1-7 (a) taken from Deliolanis (2007) 36. Deliolanis, N., et al., Free-space fluorescence 
molecular tomography utilizing 360° geometry projections. 2007. 32(4): p. 382-384. and (b) taken from 
Hyde (2009) 37. Hyde, D., et al., Hybrid FMT–CT imaging of amyloid-β plaques in a murine Alzheimer's 
disease model. NeuroImage, 2009. 44: p. 1304-1311..  
 

(a) 

 

(b)
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cancer [9].  Many challenges exist in creating a truly useful hybrid microCT-fluorescence 

imaging system, as a result of complications arising due shielding a combined system, or 

accurately positioning of the animal and virtually placing the sources and detectors for 

accurate sequential imaging.   

A strong rationale for such a system is that microCT offers poor soft tissue 

contrast, limiting its in-vivo tumor imaging abilities to a few anatomical sites, primarily 

the lungs and liver [45-47].  Contrast agents have been shown to improve results, but 

very low x-ray tube voltages are still necessary to achieve adequate contrast [48], often 

resulting in an unrealistically long acquisition times.  As such, the incorporation of 

functional imaging capabilities from fluorescence tomography has the potential to 

enhance the information content in microCT images by providing increased sensitivity to 

detecting cancerous tissues.  In a complementary fashion, the anatomical information 

from the microCT could in theory be utilized in the fluorescence tomography 

reconstruction to improve the quantitative accuracy in recovering volumetric images of 

exogenous optical contrast.  Ultimately, a multimodality imaging system combining 

microCT and fluorescence tomography would have a wide range of applications in pre-

clinical cancer research ranging from studies of the tumor microenvironment and 

treatment efficacy for emerging cancer therapeutics. 

This core of this thesis describes the design and implementation of a fluorescence 

tomography (FT) system that couples to microCT x-ray imaging for small animal 

imaging studies.  The system construction and testing are described and basic signal data 

and phantom data are analyzed to show the performance specifications.  
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1.4 Overview  

1.4.1 – Subsurface Fluorescence Tomography Investigations 

Prior to the PhD thesis work on microCT guided fluorescence tomography, initial 

studies designed to address the feasibility of imaging Pp-IX induced fluorescence in-vivo 

were completed as part of Masters Thesis:  Kepshire, D., Sub-surface Diffuse 

Fluorescence Tomography: System Development and Feasibility Studies, in Thayer 

School of Engineering. 2006, Dartmouth College: Hanover. p. 74.  Though this work was 

performed in the sub-surface geometry and utilized a CCD based approach for detection, 

the conclusions and instrumentation related lessons learned were applied in designing the 

microCT-FT system presented herein, and in assessing the approaches taken by other 

investigators.  As such, this chapter is a condensed version of the MS work, much of 

which has been taken directly from the original text.      

1.4.2 – MicroCT-FT System Design 

Chapter 3 highlights the design microCT-FT system, including determination of 

the source detector geometry, the theory of TCSPC, and the resultant instrumentation 

including the automatic exposure control routine that was developed to improve the SNR 

in collecting data.  The FT system is illustrated in Figure 1-8 (a) and shown pictorially in 

(b).  The system was designed to utilize a rotating gantry, allowing for the use of a single 

source with a fan beam of detectors that rotates around the surface of the specimen.  To 

achieve this without damaging the fibers, the source and detection fibers are housed in an 

energy chain that controls the wrapping of the fibers around the bore of the gantry as it 

turns.  In this configuration, fully non-contact excitation and detection is achieved and a 

flexible number of measurements can be obtained robustly.  Five optical channels, C1-C5 
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use focalized detection to collect the diffuse transmission of excitation and fluorescence 

signals at the surface of the specimen.  A modified GE eXplore Locus micro-Computed 

Tomography (microCT) animal bed is fully compatible between the two systems, 

allowing fully non-contact measurements to be acquired for fluorescence tomography and 

animals to quickly be transferred between systems.  In both the fluorescence and 

microCT systems, the bed connects to a linear stage which translates the animal into a 

user selected region of interest (ROI).  Removable filter slides, shown in the top left of 

Figure 1-8 (b), are motorized and allow users to easily install new filter sets for imaging 

different fluorophores.  Slides containing 10 filters or 2 sets each, are used in both 

fluorescence and transmission channels.  LabVIEW based control allows users to easily 

select between filter positions. The default position is set to block the incident light 

thereby protecting the photomultiplier tubes from damage. 

  

Figure 1-8:  A schematic of the fluorescence tomography system shown in (a) and the 
constructed system is illustrated in the photograph (b).  Removable filter slides allow 

(b)(a) 
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users to easily install different filter sets as necessary for imaging a range of 
fluorophores, as depicted in the top left of (b).  The bottom left part of (b) illustrates the 
modified mouse bed, holding a mouse phantom, along with a close-up view of the 
rotating gantry housing the 5 fiber coupled optical focusers, C1-C5.       

1.4.3 – Data Calibration and Image Formation 
 

A flowchart illustrating the steps required to generate tomographic fluorescence 

images using the imaging system described in this thesis are highlighted in Figure 1-9 

and summarized in Chapter 4.  To begin, a specimen is first scanned using the microCT 

system and then physically transported to the fluorescence tomography system for 

scanning.  The details regarding these processes are highlighted in Appendix A – System 

User Manual. Using the radial symmetry that has been established between the two 

systems, co-registration is inherently achieved.  This then allows 2-D meshes to be 

generated for use in the data calibration and subsequent image formation.  Intensity 

calibration is performed automatically in acquiring data with the FT system and is used to 

perform either difference or “in-vivo” calibration, with the latter intended for more time 

sensitive experiments that can afford a loss in image quality.  Finite-element image 

formation is achieved using NIRFAST, the research stage image reconstruction tool 

developed specifically for frequency domain tomographic image reconstruction. This 

chapter provides details for each of these various stages in the image formation process.             
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Figure 1-9: Flowchart illustrating the steps required to generate images following data 
acquisition.    
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1.4.4 – Data Calibration and Image Formation 
 

Chapter 5 provides a comprehensive performance characterization of the 

individual components of the fluorescence diffuse tomography system along with a 

detailed summary of the methods employed.  Specifically, the various subsystems are 

highlighted herein:  

• The noise characteristics of the various subsystems including: the fluorescence to 

transmission ratio; out of focus detection; the motorized attenuator; positioning 

for the gantry, linear stage, and microCT specimen bed.  The positioning error 

introduced by the movement of the animal from the microCT to the fluorescence 

tomography system is also investigated.   

• Performance specifics for the source side of the system including maximum 

optical power, FWHM, and examination of the IRF stability.  

• The effective system noise was estimated with and without the automatic-

exposure control (AEC) feature using experimentally data obtained for 20 

repeated acquisitions of a fixed PP-IX concentration.   

These results are highlighted in Table 1-3 below and serve as a reference for future 

system characterization in troubleshooting and as a benchmark for other small animal 

fluorescence imagers.   

Table 1-3: Performance results for the individual subsystems of the fluorescence 
tomography system. 
 

Excitation Source 

Optical Power 1.52 mW 

Spectral FWHM 8.7 nm 

Temporal FWHM 465 ps 
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IRF Stability 
Detection Channels 364.32 ± 8.42 ps 

Reference Channel 333.12 ± 7.75 ps 
 

FL-to-TR Ratio 1.2% 

Out of Focus Noise 1% - 4.5% 

Attenuator Noise 0.8% 

Usable Dynamic Range 100,000 

Positioning Error 

Linear Stage 5μm 

Gantry 0.025° 

microCT Bed  

(X) = 0.174 μm 

(Y) = 0.062 μm 

(Z) = 0.174 μm 

Animal 

(X) = 0.140 μm 

(Y) = 0.131 μm 

(Z) = 0.072 μm 
 

Effective System Noise 
Without AEC 6.89% 

AEC 7.55% 
 

Resultant Image Noise 
Without AEC 205pM 

AEC 225pM 
 

 

1.4.5 – System Imaging Evaluation and Experimental Results 
 

The challenges in constructing and evaluating a small animal imaging system are 

many, and Chapter 6 is an attempt to addresses the demands common to molecular 

imaging of rodents.  The design goals used to construct the system were to: 
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1) provide maximal sensitivity using single photon counting techniques 

2) utilize a non-contact interface which is compatible with microCT imaging 

3) acquire fluorescence and transmission signals in parallel  

4) complete a total imaging sequence in several minutes 

5) image with multiple detectors in parallel 

6) develop an automatic exposure routine for data SNR optimization 

Each of these goals has been met with this system, and the basic calibration stages 

outlined and validated in the previous chapters.  In this chapter, a series of simulations 

and phantom experiments designed to characterize the imaging performance, response 

linearity, and automatic exposure control functionality of the system were performed.  

Ultimately, the benefits of the system calibration and data acquisition methods were 

validated through an in-vivo animal imaging feasibility study, where the results are 

shown in Figure 1-10.  Here, A set of in-vivo images are shown where (a) is a T1 

weighted gadolinium enhanced MRI illustrating the true position of the lesion.  By 

incorporating only the contour information obtained by a GE eXplore Locus microCT, 

the FMT reconstruction is performed and finally superimposed on the microCT image 

(c). Following imaging, the animal is sacrificed, the brain is excised, and imaged using a 

raster scanning planar reflectance based imaging system for ex-vivo quantification (b).       
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Figure 1-10: A set of in-vivo images are shown where (a) is a T1 weighted gadolinium 
(b) illustrates the ex-vivo fluorescence image of the brain, and (c) illustrates the FT image 
superimposed on the microCT structural image.  
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Chapter 2 Subsurface Fluorescence Tomography Investigations7 

 
 

Prior to the PhD thesis work on microCT guided fluorescence tomography, initial 

studies designed to address the feasibility of imaging Pp-IX induced fluorescence in-vivo 

were completed as part of Masters Thesis:  Kepshire, D., Sub-surface Diffuse 

Fluorescence Tomography: System Development and Feasibility Studies, in Thayer 

School of Engineering. 2006, Dartmouth College: Hanover. p. 74.  Though this work was 

performed in the sub-surface geometry and utilized a CCD based approach for detection, 

the conclusions and instrumentation related lessons learned were applied in designing the 

microCT-FT system presented herein, and in assessing the approaches taken by other 

investigators.  As such, this chapter is a condensed version of the MS work, much of 

which has been taken directly from the original text.      

2.1 Instrumentation   

The non-contact fluorescence diffuse optical tomography (DOT) imaging system 

is depicted in Figure 2-1 (a) and is schematically shown in Figure 2-1 (b).  A 635 nm 

collimated diode laser (Model CPS196, Thor Labs) was coupled to an automated filter 

wheel (Model AB301-T, Spectral Products) and two orthogonal galvanometers (Model 

6220, Cambridge Technology), which were used to perform the raster scan along the 

surface of the imaging plane.  Diffuse reflectance and remission intensity signals were 

separated using a 632 nm narrow bandpass interference filter (Model NT43-185, Edmund 
                                                 
7 Note: Much of the text related to subsurface tomography presented herein was reproduced from Masters 
Thesis:  Kepshire, D., Sub-surface Diffuse Fluorescence Tomography: System Development and 
Feasibility Studies, in Thayer School of Engineering. 2006, Dartmouth College: Hanover. p. 74.    
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Optics) and a 650 nm long-pass filter (Omega Optical), directed through a lens of f 1.2, 

and collected using a cooled CCD camera (Sensicam QE, Cooke Corporation). Camera 

specifics include electrical cooling to -12°C, a 12bit dynamic range, and a CCD chip size 

of 1376 x 1040 pixels.  Individual pixels have dimensions of 6.45 x 6.45 μm2 and the 

manufacturer specifies a frame rate of 10 fps.  Custom LabVIEW control software, 

implemented on a 2.4 GHz computer with 1 GB of RAM, allows for full automation of 

the galvanometers, filter wheel, and CCD. 

For this application, the most suitable 2D imaging geometry was previously 

determined to consist of 16 source and 15 detector locations (240 measurements) by 

performing sensitivity and singular-value decomposition analysis for various 

source/detector combinations [49].  Here, for each source position, 16 virtual detectors 

[50] of size 2.5×2.5 mm2 were used to collect diffuse projections over a 4×0.25 cm2 field 

of view (FOV), as illustrated Figure 2-1 (c).  In the imaging plane, detectors in the 

locations of the active sources were omitted to ensure the data obeyed the constraints 

imposed by the diffusion regime. To collect absorbance data at the excitation wavelength, 

a 2.0 optical density neutral density filter was used in the automated filter wheel to 

attenuate the laser source intensity; this was necessary to ensure that the reflectance and 

remission signals collected by the CCD fell within the same dynamic range.  Acquisition 

of each dataset required approximately 1.5 minutes, or 6 minutes to build the calibrated 

datasets necessary for reconstructing the spatial distribution of absorption and 

fluorescence yield.  The rationale and signal-to-noise considerations behind the virtual 

detection scheme implemented here is highlighted in the following section. 
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Figure 2-1: The experimental setup is comprised of an excitation light source (LD), two 
orthogonal galvanometers (XY) for raster scanning the source position, a filter for 
attenuating the excitation light (F1), filters for separating the excitation and emission 
light (F2/F3), and a charge coupled device (CCD) camera for detection.  A photograph of 
the hardware set up is shown in (a) with a schematic in (b), illustrating the remittance 
geometry with laser source and detector camera pointing upwards at a glass plate, upon 
which phantoms and animals can be placed.  A schematic of the virtual detector scheme 
(c) that was experimentally implemented graphically illustrates the intensity from a group 
of pixels (256) being averaged together to form a virtual detector.   Intensity data is 
collected at all detector positions (gray) for each source position (white).  

2.2 Optimizing Non-contact CCD-based Detection 

 In reconstructing tomographic images it is pertinent that the experimental data 

matches the mathematical model.  Poor signal-to-noise data or improper calibration will 

inevitably result in a failed reconstruction or an image dominated by artifacts.  To 

measure the diffuse projections using a CCD, several approaches to data acquisition and 

CCD-based detector configuration were considered.  These approaches to CCD detection 

(a) (b) 

(c) 
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include creating CCD detectors via: pixel binning; virtual detector creation in conjunction 

with multiple integration times (to improve the SNR at detectors far from the source); and 

video-rate averaging of virtual detectors.  The strengths and weaknesses of each will be 

discussed.  

Pixel binning is a CCD clocking scheme which can be implemented to reduce 

readout noise, improve the SNR, allow for faster frame rates, and increase sensitivity in 

low light applications.  Binning works by exploiting the CCD clock capabilities to 

combine the quantum wells of many pixels into a single well.  As an example, Figure 2-2 

provides insight as to how 2x2 binning is accomplished using the CCD’s parallel and 

serial shift registers.  Images (b) and (c) illustrate how the charge is shifted by the parallel 

registers into the serial registers where it is summed.  In steps (d) and (e) the charges are 

shifted from the serial register to the output node, where one packet is then processed by 

the CCD’s electronics and converted from analog to digital format.  It is important to note 

that full-well capacity of the serial register is many times that of each individual pixel 

well and that the well depth of the output node is many times that of the serial register 

(they have a much larger dynamic range).  Knowing this, it is easy to understand how 

binning can be used to improve the SNR and increases the frame rate because it reduces 

the amount of serial clock cycles.  In this FDOT system, a binning scheme was 

implemented and assessed for its ability to improve readout time and improve signal-to-

noise, but it was quickly dismissed because the Cooke Sensicam QE camera used in this 

system is not cooled to a low enough negative temperature.  Subsequently, it was 

observed that between 25-50% of the serial shift registers well capacity was being 

consumed by noise in collecting a given dataset.        
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Figure 2-2: An example of how a 2x2 CCD binning scheme converts a group of 4 pixels 
into a single ‘super pixel.’  In camera’s where dark noise is virtually eliminated by 
cooling, binning can be used to increase data acquisition speed as well as reduce readout 
noise.  In this system however, binning was dismissed as a data acquisition solution due 
to the fact that 25-50% of the well capacity would be consumed by dark noise when a 
4x4 binning scheme was implemented using an integration time of 250ms. (This figure 
courtesy the Florida State University Optical Microscopy Primer [51]) 
 

Virtual detection refers to a group of CCD pixels being combined via averaging to 

yield a single measurement.  Here, 256 pixels are combined in a 2.5 mm x 2.5 mm area as 

depicted in Figure 2-1 (c).  This approach, when compared to binning, provides the 

advantage that only 1-2% of the signal will be comprised of noise.  The ability of virtual 

detection combined with video rate averaging of individual detectors was examined for 

its ability to improve the SNR in non-contact DOT measurements.  For a single source 

position, twenty images of the ROI under examination and acquired using a 250 ms 

integration time, averaged together, and then individual groups of 256 pixels were 

averaged to form 15 individual detectors. The idea behind this scheme was that if only a 

few photons were being counted at the detectors located beyond 3 cm from the active 
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source, averaging virtual detectors would improve the SNR at these measurement points. 

This theory was experimentally disproved however.  Figure 2-3 depicts the fluence as 

measured at each detector graphically for diffusion theory as well as experimentally when 

virtual detection is combined with averaging and when virtual detection is employed with 

integration binning (to be discussed shortly).   

 

Figure 2-3: The fluence as measured at each detector for virtual detection combined with 
averaging (VD Mean), virtual detection using integration binning, or multiple integration 
times (VD Int Bin), and the results from diffusion theory (Model).   Clearly, the 
technique which averages many virtual detector signals is unable to improve the SNR at 
the far detectors.  Dividing the integration time into distinct bins based on distance from 
the source does however provide an adequate SNR.  Subsequently, it is this technique 
which was applied to DOT experiments in this thesis.  Note: the slight mismatch between 
the measured and model fluence can be likely be attributed to a mismatch in the optical 
properties.        
 

To combat the signal-to-noise issues in read-noise limited scenarios (when only a 

few photons are being counted), the imaging ROI was divided into three distinct bins, 

according to integration time.  A 10x increase in integration time was used for detectors 

located between 1-2cm of the source and a 100x integration time was used for detectors 
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located within the 2-4cm region.  This is illustrated in Figure 2-4, which depicts the 

detector integration scheme for sources 1 (a), 8 (b), and 16 (c).  In this system, which was 

optimized for imaging Pp-IX fluorescence, a tint of 50ms was selected under the 

assumption that the target fluorophore concentration would be no greater of 10 μg/mL.  

Assuming this constraint is obeyed, the diffuse intensity at each virtual detector will be 

within the linear operating range of the CCD and blooming artifacts are not likely to 

occur.  For large fluorescent targets (> 8 mm) however, blooming was prevalent and a 

stable signal was unable to be obtained.  This data collection scheme is likely the most 

promising for non-contact CCD-based imaging because it permits fast acquisition and 

adequate signal-to-noise, as depicted in Figure 2-3.  However, steps must be taken to 

physically block the position of the active source so that blooming artifacts can be 

eliminated.   

  
Figure 2-4: Examples of the optimal data acquisition scheme which involved reading the 
data out in three distinct bins.  Here, the white rectangle represents the position of the 
active laser source, and the yellow, green, and red blocks represent integration time 
increases of 1x, 10x, and 100x respectively.  This approach was necessary to maintain a 
good SNR at the detectors located far from the source.  A tint of 50ms was used in this 
work.    
 

 In summary, the integration binning technique was utilized in the experimental 

investigation of sub-surface imaging. The data collection geometry was intentionally 

restricted to a single 1D line to focus on the depth reconstruction below this line of data, 

thereby avoiding the complications and partial volume effects known to exist with 3D 

reconstructions.  The collection of the remitted light at all points along the line using the 

CCD was efficient, and the point where the laser source hit the phantom/tissue was 

(a) 

(b) 
 

(c) 
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always excluded due to saturation of the camera and to ensure the data obeyed the 

constraints imposed by diffusion theory.  As such, with 16 source locations, it was found 

that 15 detector positions could be measured accurately.  The data provided multiple 

overlapping projections through the depth of the tissue but focused along the plane below 

this line. 

2.3 System Performance Evaluation  

Because this system is fully non-contact, the greatest source of data error is not 

due to coupling of the sources and detectors at the phantom or tissue interface, but rather 

problems inherent to the CCD device itself – most prominently CCD noise and blooming. 

  The primary sources of noise in a CCD camera include shot noise (nshot), readout 

noise (nread), and dark noise (ndark).  Shot noise is due to the statistical variation in the rate 

at which photons arrive at and interact with the CCD’s semiconductor material.  In 

general, CCD shot noise follows a Poisson distribution and can be equivalently expressed 

as:  

nshot ≡ electrons1/2 (3.6) 

For most applications, shot noise is the dominant source of noise because it is a function 

of the intensity of the incident light.  The exception however would be low light 

applications; in this scenario readout noise, or noise produced during the analog-to-digital 

conversion is dominant.  Typically, read-noise is on the order of a few electrons per 

‘count’, and in the case of the Sensicam QE the manufacturer specifies a readout noise of 

5-6 electrons (rms).  The A/D conversion factor for this camera is 4 e-/count.    In the 

Sensicam QE an offset of 49 counts is used to ensure that a positive intensity count value 

is given in low-light scenarios.  The final source of noise, the dark noise signal is due to 
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thermally generated electrons within the semiconductor substrate.  Because the dark noise 

is a random variation in the dark signal it cannot be removed.  The raw datasets must 

however remove the dark signal which is highly dependent on temperature and increases 

linearly with increasing integration.  This is typically done experimentally by recording 

the dark signal as a function of increasing integration time and performing a linear 

polynomial fit.  Most CCD devices are cooled to very low negative temperatures in an 

effort to reduce the dark signal to only a few electrons.  In the Sensicam however the dark 

signal is a somewhat serious problem for two reasons: 

1. The QE is only cooled to -12°C the dark signal rapidly increases with integration 

time.  This is evident upon inspection of Figure 2-5 which demonstrates a 67% 

increase in dark noise over a 9 second period.     

2. The relative intensity in the number of dark counts is spatially dependent.  That is, 

it appears that the Sensicam employs a cylindrical style cooling device which 

does not cool the CCD uniformly.  This is demonstrated in Figure 2-6 by images 

depicting the spatial distribution of the dark and readout signals for a 250ms 

exposure (a) and a 60s exposure (b). This problem worsens when the camera is 

left on for long periods of time, such as when a large number of experiments are 

being performed.   

Taking all of these various constraints into consideration, this system should truly 

remove the dark signal in a virtual detector specific manor.  So, instead of always using 

the predetermined signal values for a specific region, the dark signal should be 

determined before each raster scan.  For this work and in conducting the experiments 

performed herein, an effort was made to constrain the imaging ROI to the center of the 
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CCD chip.  By doing this, using the noise values obtained from the linear fit to mean dark 

signal for detectors in that region, and by performing integration binning, it was found 

that a stable signal could be obtained.          

 
Figure 2-5: Sensicam QE dark noise and offset signal together as a function of integration 
time.   In collecting tomographic data, the noise was removed from the diffuse intensity 
signal using the equation obtained from a polynomial fit to this data which represents the 
dark and read noise as a function of integration time.    
    

  

Figure 2-6: The spatial distribution of noise across the Sensicam QE CCD chip.  From 
these it is apparent that the camera cooling is non-uniform.       
 

When individual pixels in the CCD reach saturation the quantum wells which 

store the charge are actually at their full well capacity.  As a direct result, a phenomenon 

(a) (b)
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known as blooming occurs in the neighboring pixels.  Blooming is due to the overflow of 

electrons from saturated quantum wells into the neighbors.  In example of CCD blooming 

as observed using this system is demonstrated in Figure 2-7.  In the first image (a) an 

integration time of 50ms is used and it appears that the full well capacity (red pixels) of a 

small group of pixels within that virtual detector has been reached.  Here, blooming does 

not occur as this is the actual spot size of the laser diode source.  In the second image (b), 

an integration time of 500ms is used and the blooming phenomenon is apparent.  It now 

appears that the laser spot actually occupies the area of several virtual detectors.  

Blooming is a major problem that must be addressed for non-contact CCD-based diffuse 

optical imaging to be successful.     

 

 

Figure 2-7: A pair of images illustrating what is known as CCD blooming.  The 
approximate size of the laser beam is an ellipse of size 1mm x 1.5 (a).  When the 
camera’s integration time is increased the charge overflows from pixel wells in the 
position of the laser spot and into the neighboring wells (b).  In this system blooming 
artifacts in the data make imaging large fluorescent targets difficult.          
 

(a) 

(b) 
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2.4 Simulation Studies 
 

To examine the feasibility of imaging fluorescence in the subsurface geometry, 

simulations were performed for physiologically relevant target-to-background 

fluorescence contrasts.  Simulations were performed using NIRFAST and by generating 

noisy data estimates (1% Gaussian distributed).  Simulated fluorescence amplitude 

boundary data was generated for various targets diameters in the range 4-14 mm having 

10:1, 5:1, and 3.5:1 fluorescence contrasts.  The target centroid position was 

systematically adjusted over the range 0-15 mm in 2.5 mm increments.   Mesh optical 

properties, faμ  = 0.00205 mm-1,  xaμ  = 0.0071 mm-1, sxμ = 1 mm-1, and an isotropic 

diffusion coefficient ( xD = 0.331 mm) were selected to mimic the background optical 

properties used in the liquid phantom experiments. Optical properties at the emission 

wavelength were set equal to those of the excitation wavelength.  The refractive index for 

tissue was assumed to be n = 1.33 and the fluorophore lifetime (τ) was set to zero because 

amplitude only reconstructions were performed.  A dual mesh basis [52] was deployed to 

recover the spatial distributions of xaμ  and faημ  using the reconstruction techniques 

described in Chapter 4– Data Calibration and Image Formation.   
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Figure 2-8: Simulation results for the recovered spatial distribution of fluorescence yield 
are depicted here for an 8 mm anomaly having 10:1 ('effectively infinite'), 5:1, and 3.5:1 
fluorescent contrast.  In these images the location of the target is adjusted between 0 and 
10mm, as indicated by the ‘true images’ shown at the bottom of this figure.  This 
representative set of images illustrates that the ability to recover target size and ημaf 
concentration degrades with increasing distance from the source/detector boundary.   

 
Results highlighting the recovered spatial distribution of fluorescence yield for an 

8mm diameter target are depicted in Figure 2-8 for 3.5:1, 5:1, and 10:1 contrasts when 

the anomaly was located between 0 and 10mm.  Here, these reconstructions indicate that 

the recovered size and afημ concentration degrade with increasing distance from the 

source/detector boundary and that the ability to quantify the size and magnitude of ηµaf 

degrades with increasing distance from the source detector boundary; however, the 

centroid position of the target can be recovered accurately.  Figure 2-9 validates these 
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empirical observations by quantifying (a) target concentration, (b) target size, and (c) 

target location as a function of depth for all contrasts under consideration.  It is evident 

that the target concentration and size are poorly determined if at all.  However, the true 

centroid location of the inclusion appears to be accurate for realistic contrasts.  

Specifically, for the case of an 8 mm target, the mean error in centroid recovery was 

found to be 0.42 mm over the range 0-10 mm when all contrasts were considered.  When 

the target was adjusted to a depth greater than 1 cm quantitative accuracy was found to 

degrade significantly; mean error in the centroid recovery increased to 1.67 mm in the 

range 0-15 mm.   

 

Figure 2-9:  A quantitative analysis of fluorescence imaging performance in the subsurfac 
geometry.  Tomographic images were produced by reconstructing data which simulated 
the submersion of an 8mm target in a liquid phantom.  The depth of the target was 

(a)  (b)

(c) 
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systematically adjusted between 0 and 15 mm while target to background contrasts of 
10:1, 5:1, and 3.5:1 being considered at each depth.  Results, in terms of the true target 
ημaf concentration (a), size (b), and centroid location (c) were quantified.  These findings 
indicate that the target location is the only parameter that can accurately be recovered 
over the depth range of 0-10 mm.           

 

The signal attenuation constraint inherent to the remission mode geometry is the 

greatest limiting factor in this type of imaging, since the deeper projections through the 

tissue are simply too low to provide sufficient sensitivity to depths deeper than 1.5 cm.  

Though similar results can be achieved for additional target sizes and contrasts within the 

range examined here, the centroid error is a function of target size, contrast, and depth. 

The following section rigorously demonstrates this point for the case of subsurface 

imaging. 

2.5 Subsurface Imaging Experiments 
 

Experiments were performed by submerging a cylindrical target in a liquid 

phantom, as depicted in Figure 2-10.  Targets of varying diameter were filled with 

background fluid and PP-IX, the fluorescent contrast agents, and adjusted to various 

depths.  To simulate tissue optical properties, a mixture composed of water, 2% India ink 

& 5% Tween-20 ( xaμ  = 0.0071 mm-1), and 1% Intralipid™ ( sxμ = 1 mm-1) was used.  The 

tween was required to maintain a monomeric fluorescent solution of the fluorophore Pp-

IX.  The target centoid position was adjusted to 7 different locations in the range 0-10 

mm. In the case of fluorescence imaging, 1.0 μg/mL of Pp-IX ( faμ = 0.00205 mm-1) was 

added to the background.  The target fluorophore concentration was then systematically 
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increased to yield target-to-background contrasts of 3.5:1 ( faμ  = 0.00716 mm-1), 5:1 

( faμ  = 0.01023 mm-1), and 10:1 ( faμ  = 0.002047 mm-1).   

 
 

Figure 2-10: A photograph of the liquid phantom used in these experiments is shown.  All 
experiments were performed by submerging a cylindrical target in the liquid phantom 
shown here.  Targets of varying diameter were filled with fluorescent contrast agents, 
positioned at varying depths and imaged using surface imaging and FDOT.   

 

Using an 8mm cylindrical target, data was acquired and calibrated fluorescence 

data sets were reconstructed to produce subsurface tomographic images.  To avoid 

performing an exhaustive number of experiments the target size was fixed while the 

contrast and depth were adjusted.  This experiment was designed to provide insight 

regarding the ability to image biologically feasible contrasts over a range of depths.  

Results are shown in Figure 2-11.  Upon inspection it is apparent that the target 

can be localized, but that this ability degrades with decreasing contrast.  In addition, it is 

evident that the target concentration and size can not be recovered, as indicated by the 

large variation in these parameters with depth.  Overall, the mean centroid error in this set 

of images reconstructed from experimental data was determined to be 0.87 mm in the 
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first 1 cm below the surface when target contrasts of 5:1 and greater were considered.  

These results are highlighted in Figure 2-12, which provides a quantitative evaluation of 

the centroid recovery for this experiment.  The experimental results appear to be within 

reason, as the simulation studies report a mean error of 0.38 mm when the same size, 

depth, and contrast constraints are imposed.   

 

 
Figure 2-11: A representative set of fluorescence image reconstructions in the remission-
slab geometry.  Images were reconstructed from experimental data collected for an 8 mm 
target submerged in a liquid phantom, when the target had 10:1, 5:1, and 3.5:1 
fluorescent contrast with respect to the background.  The true target locations are shown 
at the bottom of this figure. 
 



38 

 

                 

Figure 2-12: Experimental fluorescence centroid results when the depth of an 8mm target 
was adjusted between contrasts of 10:1, 5:1, and 3.5:1.  When contrasts of 5:1 and above 
were considered, mean positional error in the recovered centroid was determined to be 
0.87 mm and 0.38 mm for experimental and simulated fluorescence images. 

 

The centroid results for 3.5:1 contrast were excluded in the quantification of mean 

error because of the large discrepancy between the simulated and experimental results.  

One explanation for this could be a poor SNR in the experimental data.  Two factors 

could be contributing to this, including light piping around the outside of the acrylic 

cylindrical target and an inadequate CCD integration time.  Regarding the light piping 

issue, because a clear acrylic cylinder with a 1mm wall thickness was used as the target, 

the propagation of the incident diffuse light would be inhibited from scattering through 

the acrylic walls into the region of increased fluorescent contrast.  Specifically, the 

refractive index change between the intralipid mixture and the acrylic wall of the target 
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gives rise to a reflection and a refraction of the incident light, with a significantly smaller 

percentage of the light being refracted.  Subsequently, only a very small portion of the 

incident light reaches the inside of the target.  By using a scattering material instead of an 

acrylic for the target, one can hypothesize that the experimental results could be 

improved significantly due to the improved SNR.  In terms of SNR issues arising from a 

suboptimal integration time, the current integration scheme is optimized for imaging high 

contrast targets on the surface.  So, in imaging lower contrasts at depth, only a very small 

fraction of the camera’s dynamic range is being utilized.  Exploiting the full dynamic 

range of the camera is essential for maintaining a good SNR, but it is challenging because 

the fluorescence intensity rapidly degrades with decreasing target size, contrast, and 

depth.  One possible solution for this would be to implement an automatic exposure 

control, where a series of ‘fast-scans’ where data would be acquired by using a fixed 

integration time for all detectors.  In doing this, a poor signal-to-noise would exist at the 

read-noise limited detectors, but a good SNR would exist at the near-source detectors, 

which are the measurements of interest here.  By then performing a linear fit to the 

maximum fluorescence intensity measurement in each fast-scan, the optimal integration 

time can easily be determined.  To ensure linear operation of the CCD device, the 

integration time should be selected such that the maximum measurement consumes 

approximately 80-90% of the full well capacity.  In dynamically adjusting the integration 

time an adequate SNR could easily be achieved in an in-vivo setting where no prior 

knowledge of the target size, contrast or depth is known.       
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2.6 Subsurface Imaging Conclusions 
 

In summary, a non-contact, subsurface fluorescence diffuse optical tomography 

system was examined for its potential to provide clinically relevant information through 

both simulations and experiments.  The particular focus was emission from the 

fluorophore Pp-IX, but the observations can be generalized to appreciate how the 

geometry affects reemission tomography in general.  Image analysis was performed to 

quantify the accuracy of recovering parameters, including μa & ημaf values, target size, 

and target centroid location as a function of depth for both absorption and fluorescence 

imaging.  Simulated and experimental results are in close accordance.  They reveal that 

the target centroid location is the only parameter that can be quantified accurately.  

Experimental centroid errors in position were found to be 0.87 mm for fluorescent targets 

within the first 10 mm of tissue below the surface when contrasts above 5:1 were 

considered, indicating that the calculated centroid location can serve as an accurate 

measure of depth.  This may be adequate for applications where target detection and 

depth may be more important than quantification, such as in some clinical surgical 

guidance applications [15, 16, 21], but clearly indicates that this geometry is not well 

suited for small animal imaging.  Additionally, instrumentation limitations related to 

CCD imaging, including noise and blooming effects, acquisition time, and a lack of 

signal gain in general make imaging with CCD devices challenging for tomography.   

This chapter has been included because of the lessons learned and the apparent 

implications and conclusions regarding subsurface imaging and imaging with a CCD. 

 The fact that the position of the fluorescent region could be identified, but that the 

quantification of the fluorescence was not possible was a significant observation.  The 
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next logical conclusion would be that with some image-guidance, that perhaps the 

fluorescence could be localized better and to deeper depths, and the fluorescence 

quantifiable.  The next chapters take the conclusions and work done in this MS thesis 

work, and apply them to the particular geometry of mouse imaging with MicroCT 

guidance, allowing better quantification and localization of the fluorescent signals of 

tumors in vivo. 
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Chapter 3 – MicroCT-FT System Design 

 

3.1. System Design: Overview 

The FT system is illustrated in Figure 3-1 (a) and shown pictorially in (b).  The 

system was designed to utilize a rotating gantry, allowing for the use of a single source 

with a fan beam of detectors that rotates around the surface of the specimen.  To achieve 

this without damaging the fibers, the source and detection fibers are housed in an energy 

chain that controls the wrapping of the fibers around the bore of the gantry as it turns.  In 

this configuration, fully non-contact excitation and detection is achieved and a flexible 

number of measurements can be obtained robustly.  Five optical channels, C1-C5 use 

focalized detection to collect the diffuse transmission of excitation and fluorescence 

signals at the surface of the specimen.  A modified GE eXplore Locus micro-Computed 

Tomography (microCT) animal bed is fully compatible between the two systems, 

allowing fully non-contact measurements to be acquired for fluorescence tomography and 

animals to quickly be transferred between systems.  In both the fluorescence and 

microCT systems, the bed connects to a linear stage which translates the animal into a 

user selected region of interest (ROI).  Removable filter slides, shown in the top left of 

Figure 3-1 (b), are motorized and allow users to easily install new filter sets for imaging 

different fluorophores.  Slides containing 10 filters or 2 sets each, are used in both 

fluorescence and transmission channels.  LabVIEW based control allows users to easily 
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select between filter positions. The default position is set to block the incident light 

thereby protecting the photomultiplier tubes from damage. 

  

Figure 3-1:  A schematic of the fluorescence tomography system shown in (a) and the 
constructed system is illustrated in the photograph (b).  Removable filter slides allow 
users to easily install different filter sets as necessary for imaging a range of 
fluorophores, as depicted in the top left of (b).  The bottom left part of (b) illustrates the 
modified mouse bed, holding a mouse phantom, along with a close-up view of the 
rotating gantry housing the 5 fiber coupled optical focusers, C1-C5.       

3.2. Source Detector Geometry Simulations 

To examine the possibility of allowing fully non-contact 3-D measurements to be 

acquired in free-space a fan beam geometry mimicking the rotating source detector 

geometry of CT was employed.  In this study, the source-detector configuration was 

optimized by adjusting parameters such as the number of sources (16 and 32), the number 

of detectors (5 and 7), and the angular spacing between detectors (22.5° and 11.25°).  

Simulation studies were performed using a 2000 node, 27mm diameter circular mesh; the 

dimensions were selected to mimic the size of a mature rat’s head.  Two regions were 

(b)(a) 
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then added to the mesh to simulate a brain (10mm diameter) and a lesion (4mm 

diameter), as shown in Figure 3-2.   

Table 3-1 summarizes the exact optical properties used for each of the three 

regions. Forward data was generated with approximately 1% noise added and 

reconstructions (without prior information) were performed using the NIRFAST 

software.  

 

Figure 3-2: Optical properties for the forward mesh used to examine various source –
detector geometries. 
 
Table 3-1: Summary of the optical properties used in each of the three regions used in the 
source-detector optimization study. 
 

Region μax (mm-1) μaf (mm-1) 

Background 0.022 0.002 

Brain 0.054 0.004 

Lesion 0.020 0.020 

 

In performing reconstructions, the spatial distribution of absorption at excitation 

was assumed to be known and a regularization value, λ =2, was used along with a 1% 

stopping criteria.  Fluorescence yield reconstruction results for the different geometries 

under consideration are shown in Figure 3-3. 

μax μaf
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Figure 3-3: The true image is shown in (a).  With 1% noise added, reconstructions for 
22.5 degrees between detectors is shown in (b) for 16 sources and 5 detectors and (c) for 
16 sources and 7 detectors. A spacing of 11.25 degrees was used between detectors in (d) 
for 32 sources and 5 detectors and (e) for 32 sources and 7 detectors.  In (f) and (g) 32 
sources were used for 5 and 7 detectors with a spacing of 22.5 degrees between detectors.   

 
The results were interpreted empirically and indicate that the resultant images are 

not drastically different when a detector spacing of 22.5° is used.  It is well known that 

increasing the number of measurements will yield a superior reconstruction at the 

expense of increased acquisition time.  Although the results are nearly identical when a 

detector spacing of 22.5 degrees is used for all source detector combinations,  this is 

expected to change when the domain becomes increasingly more complex, such as in 

imaging the irregular surface of a mouse.  This could however be offset by the 

incorporation of the structural information and is a possible future area of investigation.   
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3.3. Instrumentation 

A hardware schematic of the fluorescence tomography scanner is shown in Figure 

3-3 (a) and the optical system design is shown in Figure 3-3 (b).  The system consists of a 

custom fabricated 2.0 GHz single-board computer (SBC) (Chassis Plans, San Diego, CA) 

equipped with 4GB of RAM, and time-correlated single photon counting (TCSPC) 

instrumentation cards (Becker and Hickl, Berlin, Germany).  Custom LabVIEW 

(National Instruments, Austin, TX) software programs have been developed to allow 

automated control of the data acquisition with the system.   

A computer controlled Sepia-828 laser diode driver module (PicoQuant, Berlin, 

Germany) controls the pumping to a gain switched 635nm pulsed diode laser modulated 

at 80 MHz.  The diode is coupled to a 50 μm fiber optic beamsplitter that delivers 5% of 

the signal to a reference channel and the other 95% toward a collimated source fiber 

directed at the specimen.  A computer controlled motorized attenuator in line with the 

source fiber can be dynamically adjusted to ensure that the detected transmission and 

fluorescence signals fall within the linear range of the photomultiplier tubes (PMTs).  

Diffuse fluorescence and excitation signals measurements are then collected, in a 

transmission configuration, by 5 optical focusers with an angular separation of 22.5°, 

having a 97mm working distance.  The source-detector geometry was optimized using a 

simulation study and by empirically comparing reconstruction results for different fan 

beam geometries; these results are discussed in Section 2.2 Source Detector Geometry 

Simulations.  The focusers are coupled to 400μm fibers (NA: 0.37), which were selected 

in order to maximize the signal intensity while minimizing dispersion.  The detected 

signals are then split by beamsplitters, with 5% and 95% being directed to the 
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transmission (Tr) and fluorescence (Fl) channels, respectively.  The light is then 

collimated and spectrally separated using filters. An additional 2 OD neutral density 

(ND) filter is used to attenuate the light in the transmission channel.  Signals in the 

fluorescence channels are separated from the transmitted light using 650 long pass 

interference filters.  Hamamatsu H7422P-50 PMTs detect the incident photons and 

generate a single analog pulse for each detected photon, on each of 10 channels.  These 

pulses are then amplified by 26dB (26dB Amp), to ensure they fall within the suitable 

range of operation for the single photon counting instrumentation (SPC-134), and 

directed to routers (HRT-41), each allowing up to 4 PMTs to be connected to a single 

TCSPC module.  Four TCSPC modules are used in this system.  Each is synchronized 

with the laser oscillator at 80MHz. Three of the SPC modules are dedicated to managing 

the signals coming from the 10 PMTs connected to the 3 HRT-41 routers.  The final SPC 

module is dedicated to the reference channel.   

 

Single 
Board 

Computer 
(SBC) 

(a) 
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Figure 3-4: The block diagram of the system hardware is shown in (a). LabVIEW based 
control of the laser, TCSPC instrumentation, and motors controlling the gantry, linear 
stage, and filter slides allow full automation of the data acquisition.  The fan-beam style 
detection geometry is shown in (b).  Here, a single excitation source position is used and 
the diffuse signals at the surface of the specimen are collected using focalized detection.  
The detected signals are then separated, and directed to two sets of PMTs dedicated to 
fluorescence and transmission signals at each fiber channel.    

 
A USB to RS-432 link is used to communicate between the PC and the Intelligent 

Motion Systems M-Drive M23 and M34 motors used in controlling the filter slides, linear 

stage, and gantry.  Mechanical limit switches are used in homing all devices and 

mechanical stops on the gantry prevent over rotating and the subsequent damage of 

optical equipment.  National Instruments data acquisition hardware is used to close the 

feedback loop by receiving logical high signals sent by the motors when a motion 

sequence has completed.  Instructions for re-programming the motors as well as the 

source code can be found in Appendix A. 

(b) 
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3.3.1. Time Correlated Single Photon Counting (TCPSC)   

Time-correlated single photon counting (TCSPC) is an attractive instrumentation 

solution for low-light applications such as diffuse optical tomography.  As highlighted in 

Chapter 1, CW CCD-based detection is currently the most widely used instrumentation 

approach in small animal fluorescence tomography, but there are several attributes of 

TCSPC that allow for more robust detection than the conventional approaches.  

Advantages of TCPSC include greater sensitivity to low light levels, a near ideal 

detection efficiency, and a dramatic reduction in system dark noise levels, when the 

appropriate detectors are used.  Additionally, the TCSPC setup employed here allows for 

the parallel acquisition of fluorescence and transmission measurements, further reducing 

noise introduced by animal motion and optical property changes due to drug uptake.     

The underlying theory of TCSPC is highlighted in Figure 3-5 (a).   In this 

approach each individual photon is counted and its corresponding arrival time recorded.  

This data is then used to generate a temporal point spread function (TPSF), or more 

simply a histogram of photon transport time through the medium under investigation.  

The fundamental ability to count photons using TCSPC dictates that a very fast repetition 

rate source be used in a low light level application to ensure that only a single photon be 

detected per period.  As a rule of thumb it is suggested that light range be adjusted such 

that the probability of detecting a single photon be 0.1-0.01 per period.  This TCSPC 

procedure is illustrated at a very high level in Figure 3-5 (a) where photons are counted 

for each of N periods and a “+1” is added to the time specific memory location for each 

of the detected photons.      
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Figure 3-5: (a) The underlying principal of TCSPC is illustrated, where individual photon 
pulses are counted and used to construct a histogram of the photon arrival time in 
memory.  In (b) hardware utilized in TCSPC instrumentation is Illustrated. The specifics 
of the approach are described in Section 3.3.1, Time-Correlated Single Photon Counting 
(TCSPC)8.  
 
           The underlying electronics TCSPC are shown in Figure 3-5 (b).  First, incident 

light strikes the PMT’s photocathode, where the light is then amplified and a pulse is 

produced for each detected photon.  Because PMTs inherently have considerable 

amplitude jitter due to the randomness of the gain method employed a constant fraction 

                                                 
8 Figure 3-5 has been reproduced from Becker, “Advanced Time-Correlated Single Photon Counting Techniques,” 
Springer (2005).  

(a) 

(b) 
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discriminator (CFD) is used to separate the useful measurements from noise9.  The first 

CFD is used to define a t0, which is triggered by the sync signal from the light source – 

the 80MHz Sepia, in this case.  The second CFD then defines t1, the arrival time of an 

experimentally recorded photon.  A time-to-analog converter (TAC) accepts the CFD 

pulses and charges a capacitor for the time duration between the start (t0) and stop (t1) 

pulses of the CFDs.  The resultant capacitor voltage representing the time difference, or 

correspondingly the photon arrival time, is then amplified and digitized by an ADC that 

outputs the memory location of the detected photon. Finally, an adder increments the 

count in memory for each detected photon so that a full TPSF can be constructed.   

3.3.2. Mechanical Alignment: Centering 

Many diffuse optical tomography systems rely on fiber based contact 

measurements for detection, often resulting in large coupling errors at the fiber-tissue 

interface.  These errors are unpredictable and can introduce image artifacts, hinder 

contrast recovery, and in extreme cases destroy entire datasets.  Non-contact imaging has 

the potential to improve coupling efficiency, as near perfect coupling can be achieved 

when well calibrated ratio data is used.  Here, optical alignment is achieved using a 

custom alignment jig, Figure 3-6 (a), designed to fit precisely into the gantry’s bore.  The 

6 cutouts correspond to the position of the source and fan beam optics and interface with 

the extension housing the laser source on the gantry.  Optical alignment is achieved using 

a 1 mm pinhole located in the center of the jig and by maximizing the transmitted optical 

power with a power meter, as shown in Figure 3-6 (b). Detector alignment is achieved by 

repositioning the jig and injecting the source into the optical lens.  The light converges at 
                                                 
9 Please see page 47 of Becker, “Advanced Time-Correlated Single Photon Counting Techniques,” for the specifics of 
CFD design.  
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the pinhole and the lens system is adjusted until the signal is maximized at the detector.  

Similarly, mechanical alignment of the linear stage is achieved using the setup shown in 

Figure 3-6 (c).  Here, an optical post is connected to the linear stage and adjusted until it 

slides freely through a precision reamed hole in the center of the optical alignment jig.  In 

this configuration, radial symmetry of the fluorescence and microCT imagers can be 

achieved, allowing the sources and detectors to be placed virtually with very high 

accuracy.  Specifically, the positional accuracy of the stage and gantry were determined 

to be 5μm and an 0.025° arc length respectively.  For the gantry, which utilizes a fan 

beam detection and optics having a 97mm working distance, this corresponds to 0.015° 

arc length of positioning error at the surface of a 25mm diameter specimen.   

(a)   (b)

     

Power Meter

Laser Source 

Pin Hole
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(c)  

Figure 3-6: A photograph of the alignment jig is shown in (a).  The jig fits precisely into 
the gantry allowing the optics to be radially aligned by maximizing the light signal 
through a pinhole, as shown in (b).  Mechanical alignment is depicted in (c) and is 
performed to ensure the stage translates through the center of the gantry, allowing the 
source/detector information to be placed virtually, given the microCT contour 
information.    

3.4 Software Design 

Custom control software for the microCT-FT system was created using the 

National Instruments LabVIEW development environment.  A graphical user interface 

(GUI) was created to allow users to easily co-register microCT and FT datasets and to 

collect high signal-to-noise ratio (SNR) intensity calibrated fluorescence datasets.  The 

various divisions of the software including Calibration, ROI Selection, Data Acquisition, 

and Intensity Calibration, are highlighted in the following sections.  

3.4.1 Calibration  

Upon starting the FT system users begin by performing a series of initialization 

and calibration steps:  

• Attenuator Homing – Each time the system is powered up the motorized 

attenuator must be homed to the zero position.  In homing, this routine 
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communicates with the motorized attenuator’s optical position encoder in a 

closed loop fashion.  Homing ensures that the device will be applying the 

appropriate amount of attenuation to the source during a scan and proper 

homing is very important for data calibration.  

• Filter Slide Calibration – The slides housing the fluorescence and 

transmission filters are controlled by two individual motors that are set to 

“home” to a closed or “blocking” position between the other two filter sets, as 

denoted by the “B” in Figure 3-7.  In the event that the filters are not returned 

to the appropriate “home” position it is possible for the filters to be 

mispositioned during a scan, or the motor damaged by an incorrect position.  

The filter slide calibration routine sets the “home” position of the slides by 

moving the slide first to the left (until a first limit switch is engaged) and then 

to the right (until a second switch is engaged).  The distance (motor counts) 

between the first and second switch is recorded and used to center the slide 

and define the “home” or “blocking” position.    

1 B 2 1 B 2 1 B 2 1 B 2 1 B 2

CH5 CH4 CH3 CH2 CH1

Limit 1 Limit 2

1 B 2 1 B 2 1 B 2 1 B 2 1 B 2

CH5 CH4 CH3 CH2 CH1

1 B 2 1 B 2 1 B 2 1 B 2 1 B 2

CH5 CH4 CH3 CH2 CH1

Limit 1 Limit 2  

Figure 3-7: An illustration of the filter slide used in the system and the corresponding 
limit switches that engage during a motion used in the positioning or homing of the 

slides.  
 
 

• Single Photon Counting (SPC) Instrumentation Initialization – Upon 

LabVIEW start-up, the SPC initialization routine must be loaded 
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independently of the other system control software.  It should remain running 

in the background through the duration of the experiments.  

• DCC Card Initialization – The 6 PCI-based DCC-100 cards used in the SPC 

system function as the power supplies controlling the gain of the 11 PMTs.  

These cards must be initialized and controlled using the manufacturer supplied 

software, as they provide software protection against PMT overload and the 

subsequent damage in the event saturation occurs. 

• SPCM/ DCC Test – The final step in the calibration routine entails verifying 

the proper setup of the other components.  To this end, if the setup is 

completed properly a single reference TPSF will be acquired and displayed as 

a final verification, as shown in Figure 3-8.   

 

Figure 3-8: Upon proper initialization of the FT system, a reference dataset is acquired.  
 

A comprehensive manual that provides a summary of the FT system initialization 

and operation can be found in 
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Appendix A – System User Manual.   

3.4.2 ROI Selection 

 After acquiring a microCT dataset and before scanning with the FT system, users 

must co-register the position information between the two systems.  This co-registration 

is performed mechanically using a software calibration routine that calculates the 

positioning information of the FT system’s linear stage relative to that of the microCT 

system. Specifically, a single x-ray projection image is loaded in the FT software and 

used to select a slice region of interest (ROI) for the FT scan, as highlighted in Figure 

3-9.  The ROI selection routine is then used to position the FT system’s linear stage and 

to provide users with the slice information of the corresponding micro-CT slice for 

meshing.  A detailed procedure regarding the calibration and relative positioning of the 

microCT and FT system linear stages can be found in Appendix B – Linear Stage 

Calibration. 
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ROI Slice SelectionROI Slice Selection

 

Figure 3-9: A screen shot of the ROI selection portion of the FT control software.  Here, 
users load an x-ray projection from the microCT dataset, and use this to select a single 
slice ROI for the fluorescence tomography scan.    

3.4.3 Automatic Exposure Control 

The core component to the FT system’s data acquisition routine is the use of an 

automatic exposure control (AEC), which enables high SNR fully non-contact imaging of 

small animals and correspondingly the imaging of irregular geometries over a large range 

of fluorescence and transmission intensities.  To ensure an adequate SNR will be 

maintained for each source position, an automatic exposure control (AEC) routine was 

developed to target the fluorescence intensity within the linear operating range of the 

PMTs.  Transmission is not targeted in this optimization as the 2OD of attenuation on the 

transmission channels ensures that an adequate transmission SNR will be obtained, 

assuming the fluorescence channels are optimized (Note: this holds for PPIX 
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fluorescence only).  The specifics of the AEC routine are highlighted in the flow chart 

depicted in Figure 3-10.  Here, the motorized attenuator that controls the source intensity 

is initially set to attenuate the source by 25 dB for each of the 32 positions of laser 

source.  Using a fixed integration time of 1 second, TPSFs are then acquired for the 10 

channels.  This continues sequentially, with an incremental reduction in the source 

attenuation, until the total counts exceeds 300 on the most sensitive channel.  At this 

point the attenuation is then reduced by another 2 dB and the integrated intensity for the 

same channel (previously determined to be the most sensitive) is again recorded.  Using 

these two data points, a linear fit is performed and used to calculate the attenuation 

necessary to target 50% of this most sensitive PMTs maximum linear counts.  A table 

illustrating the range of linear counts for each of the channels, as determined by the 

analysis conducted in 4.3.2 Relative Intensity Calibration, is illustrated in Table 3-2.  The 

source is finally adjusted to the optimum attenuation level and the final TPSF datasets are 

then acquired for the current source position.  The procedure is repeated for each angle of 

the gantry.  This approach to AEC, which targets the count rate of the most sensitive 

channel, was utilized to avoid issues related to PMT saturation as this has proved to be 

one of the greatest challenges in using the TCPSC instrumentation to perform non-

contact imaging of an irregular geometry.  As a benchmark, results illustrating the 

performance gains that can be achieved using the AEC algorithms are illustrated in 6.2.4 

Automatic Exposure Control Validation.            
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Table 3-2: A comprehensive summary of the usable dynamic range in counts/second for 
the fluorescence and transmission channels as determined by the analysis conducted in 
Figure 4-4 (a).  A minimum count rate of 300 counts per second was selected for the 
AEC to ensure an adequate SNR be obtained.  
  

FL (MAX) FL (MIN) TR (MAX) TR (MIN) 

43,412 113 27,450 87 

64,552 170 51,405 145 

95,233 258 50,731 139 

66,049 169 67,848 199 

72,067 199 47,460 127 

 

3.4.4 Data Acquisition   

The data acquisition portion of the software is configured to allow users to 

acquire datasets with 32 source positions corresponding to 160 measurements.  In the 

current configuration, it takes 10 minutes to collect a single slice dataset with the AEC 

being utilized at each of the 32 source positions, as highlighted in Table 3-3.  Here, the 

current time for each component of the acquisition is denoted by the [ ] and the projected 

times with improvements are denoted by ( ).  In summary the current configuration 

utilizes a default acquisition time of 1 second per source position, and a suboptimal 

gantry speed that was determined to be stable.  Additionally, the AEC routine currently 

acquires a total of three sets of 10 TPSFs where data from the first two are used to 

perform a linear fit and optimize the final dataset.  It is projected that the acquisition time 

for a single slice could possibly be reduced to 4 minutes and 30 seconds through a series 

of optimizations and improvements including: 
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Figure 3-10: Flow chart illustrating the steps in the automatic exposure control (AEC). 
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• Optimized Gantry Homing & Positioning – Gantry positioning is currently 

set 20,000 counts / second corresponding to 10.3 degrees per second.  This 

speed was selected as no chatter was apparent in the gearing at this speed 

and statistical repeatability testing verified stability.  It is projected that the 

speed could be increased from 20,000 counts per second to 30,000 counts 

per second to reduce the positioning time by 1/3, while maintaining 

stability.     

• Reduced PMT Integration Time –  Data acquisition for all 10 detection 

channels currently takes approximately 3 seconds as the FT system 

currently utilizes a fixed 1 second  integration time on each of the 3 router 

channels.  The 1 second integration time was initially selected empirically 

following a series of phantom experiments, but is by no means optimal.  

By reducing the integration time, the source strength would inherently be 

increased through the use of the AEC routine.            

• Optimized Automatic Exposure Control – As described previously, the 

automatic exposure control currently acquires a total of 3 sets of 10 TPSFs 

with a fixed integration time of 1 second.  This time could be improved by 

first reducing the integration time to 500ms and by using a ratio technique 

to optimize the SNR, as opposed to a linear fit. Specifically, the 

appropriate attenuation at the source could be estimated by:  

source

source

ected

ected

I
I

I
I

1
2

1
2

det

det =  
Eq.  3-1 
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where I1detected and I2detected would be the actual and desired integrated 

TPSF signals detected by the TCSPC instrumentation.  I1source is the 

sample source intensity from the first measurement and I2source is resultant 

intensity for the desired number of counts.  Here, the signals would be 

converted from dB to a relative intensity by first converting to OD (OD = 

dB/10) and then to intensity (I = 10^(-OD)).  After solving for the desired 

intensity, the resultant value would then be converted back to dB.  

      

Table 3-3: Breakdown of the times for each component of the data acquisition sequence 
given the [current] implementation and with (projected) improvements.     

Operation Time per 
 operation (sec) 

Operations  
per slice 

Time 
(Current) 

Gantry Homing  

(35° - 0°) 

[8 sec] 

(6 sec) 
1 

[8 sec] 

(6 sec) 

Gantry Positioning 
[3 sec] 

(2 sec) 
32 

[96 sec] 

(64 sec) 

AEC Control 
[11.25 sec] 

(4.75 sec) 
32 

[360 sec] 

(152 sec) 

Data Acquisition 
[3 sec] 

(1.5 sec) 
32 

[96 sec] 

(48 sec) 

Gantry Positioning  

(360° - 35°) 

[40 sec] 

(Eliminate) 
1 

[40 sec] 

(0 sec) 

 Acquisition Time per Slice 
[10 min] 

(4 min 30 sec) 

 

3.5 Concluding Remarks 

A non-contact fluorescence tomography (FT) system utilizing a rotating gantry and a fan 

beam detection geometry was successfully constructed.  The system utilizes an energy 

chain to allow source and detection fibers to be wrapped around the bore of the gantry as 

it turns.  In this configuration, fully non-contact excitation and detection is achieved via 
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five optical channels that utilize focalized detection to collect the diffuse transmission of 

excitation and fluorescence signals at the surface of the specimen.  A modified GE 

eXplore Locus micro-Computed Tomography (microCT) animal bed is fully compatible 

between the two systems and connects to FT system’s linear stage allowing animals to be 

positioned to a user defined region of interest (ROI) within the microCT field of view.  A 

custom automatic exposure control (AEC) routine, allows high SNR datasets to be 

acquired in both phantoms and small animals over a wide range of fluorescence 

intensities.  In the current configuration the system is capable of acquiring a single 160 

measurement slice dataset in 10 minutes, but it is projected that the imaging time could 

be reduced to 4 minutes 30 seconds through a series of optimizations to the gantry 

positioning, AEC routine, and data acquisition.
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Chapter 4 – Data Calibration and Image Formation 

 

4.1 Image Formation Overview  
 

A flowchart illustrating the steps required to generate tomographic fluorescence 

images using the imaging system described in this thesis are highlighted in Figure 4-1 

and detailed in this chapter.  To begin, a specimen is first scanned using the microCT 

system and then physically transported to the fluorescence tomography system for 

scanning.  The details regarding these processes are highlighted in Appendix A – System 

User Manual. Using the radial symmetry that has been established between the two 

systems, co-registration is inherently achieved.  This then allows 2-D meshes to be 

generated for use in the data calibration and subsequent image formation.  Intensity 

calibration is performed automatically in acquiring data with the FT system and is used to 

perform either difference or “in-vivo” calibration, with the latter intended for more time 

sensitive experiments that can afford a loss in image quality.  Finite-element image 

formation is achieved using NIRFAST, the research stage image reconstruction tool 

developed specifically for frequency domain tomographic image reconstruction. This 

chapter provides details for each of these various stages in the image formation process.             
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Figure 4-1: Flowchart illustrating the steps required to generate images following data 
acquisition.    

4.2 Finite-Element Mesh Creation  

Images in this thesis were reconstructed using NIRFAST, an iterative, non-linear 

solver, which uses the finite-element method to model light transport in tissue.  The 

details of this software package are highlighted in section 4.4 Image Formation – 

NIRFAST. This section is intended to provide a user with the information necessary for 

aligning the systems and generating 2-D FEM meshes from microCT.   

In order for the sources and detectors will be placed virtually with very high 

accuracy it is necessary to ensure that a relationship between the center of rotation for the 

FT system and the microCT is established.  The FT system alignment is achieved by 

fixing an optical post to the linear stage’s alignment jig and by adjusting the stage until 

the post is able to slide freely through a precision reamed hole in the center of the 

gantry’s optical alignment jig.  This process is described in detail in section 3.3.2. 

Mechanical Alignment: Centering.  After the FT system alignment has been performed, a 

25mm phantom is scanned using the microCT system and the entire field-of-view (FOV) 

is reconstructed for a single slice, as shown in Figure 4-2 (a).  This image of the total 

FOV can then be used to determine the relative offset between systems for use in 

meshing, as shown in Figure 4-2 (b). Here, the difference (in pixels) between the center 

of rotation for the microCT and FT systems were determined and used to calculate the 
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relative offset in mm, given that a single microCT voxel = 0.093593 mm.  By denoting 

the upper left corner of the microCT image as (0,0) it was determined that microCT 

coordinates (39.777, 38.935) correspond to the center of rotation for the FT system10.  

These coordinate values can be used in the placement of virtual sources and detectors 

within the FEM meshes as long as the stages remain aligned.  That is, this process should 

be repeated in the event that a stage is repositioned or adjusted in any fashion.       

 
Figure 4-2: A 25mm phantom is scanned and a single slice image is reconstructed for the 
scanners full field of view.   This data is then used to determine the relative positioning 
error between the microCT and FT systems, as shown in (b).      

 

 Following proper alignment, microCT images can be used to quickly generate 

meshes by following a series of steps:   

1) After scanning the system with the microCT an image of the entire 81.8mm x 

81.8mm FOV must be reconstructed as shown in Figure 4-3 (a).  Here, a cross 

sectional image of a mouse positioned on the modified GE microCT mouse bed 

is shown.  
                                                 
10 NOTE: The entire microCT FOV is 874 x 874 pixels, or correspondingly 81.8mm x 81.8 mm.  

(a)  (b)
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2) Using Mimics, an advanced image processing software package, the various 

regions of the head can be segmented using intensity thresholding or advanced 

region growing approaches.   This is illustrated in Figure 4-3 for the head (b), 

brain (c) and skull (d) where each region has been converted to a binary mask to 

allow for region labeling when meshing the domain.   

3)  A legacy 2-D meshing program originally designed for use with MRI images 

was modified to allow binary masks created using Mimics to be used.  In this 

step, each binary region is added, as shown in Figure 4-3 (e).  Because binary 

masks are used (the background pixels are represented by zeros and the pixels 

within the ROI regions (head, brain, skull) contain ones) the three masks can be 

added to produce three regions: head (Region 1); skull (Region 2); and brain 

(Region 3).  The Matlab source code for this step can be found in D.1. Source 

Code for Meshing MicroCT Images. 

4) Meshes created using the program are currently in an older NIRFAST ‘std’ 

format, meaning fluorescence parameters are not included.  After converting the 

standard format meshes to fluorescence meshes, the sources and detectors are 

placed in a circle within the mesh centered about the previously determined 

center of rotation – currently (39.777, 38.935), using the Matlab script found in 

D.2. Initial Source and Detector Placement Source Code.  Using a modified 

version of the NIRFAST move_source and move_detector program each source 

and detector is grown radially from this initial location until a boundary node is 

reached.  This approach allows the sources and detectors to be placed virtually 

with high accuracy as illustrated in Figure 4-3 (f) where the source and detector 
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positions are overlaid on the region labeled mesh.  Source code replacements for 

the NIRFAST “move_source.m” and “move_detector.m” can be found in D.3. 

“move_source_microCT.m” and D.4. “move_detector_microCT.m” respectively.             

(c)

(d)

(a) (b)

(e) (f)

(c)

(d)

(a) (b)

(e) (f)  
Figure 4-3: In (a) the microCT image of the entire FOV is show, where the head can 
clearly be distinguished from the microCT bed.  In (b), (c), and (d), the bed is removed as 
each of the head, brain, and brain & skull regions are segmented and converted into 
binary masks using Mimics.  The final mask image used in meshing is then illustrated in 
(e), which is finally used to crate a NIRFAST compatible mesh, as show in (f).    

4.3 Data Calibration 

4.3.1  Intensity Calibration  

Following, data acquisition intensity calibration for each TPSF is achieved 

automatically through LabVIEW and by first integrating the detected counts.  Each signal 

is then normalized to account for the number of dark counts as well as changes in 

integration time and attenuation levels for each channel:  



69 

 
DetectionSource ODOD

i
Dark

i
TPSFi

raw t

dtdt
+×⎟

⎟

⎠

⎞

⎜
⎜

⎝

⎛ −
= ∫ ∫ 10

int

φφ
φ

  Eq. 4-1 

Here, i
rawφ  represents the calibrated intensity measurement for a single channel and i

TPSFφ  

is the fluence in counts, as detected by the TCSPC instrumentation.  The dark counts for 

each channel are computed and subtracted from the integrated counts, i
TPSFφ .  This 

calculation is performed for each detector and then scaled by the integration time and 

attenuation level, as applied to the source (ODSource) and detection channels (ODDetection). 

4.3.2 Relative Intensity Calibration 

The raw data is then calibrated to account for channel-to-channel detection system 

variations which are a result of inter-channel variability in the fiber coupling, beam 

splitter efficiency, and PMT radiant sensitivity.  This is achieved by dividing each raw 

measurement by a channel specific scaling factors (SF) pre-computed from the plots of 

detector linearity as a function of input optical power shown in Figure 5-2 (a).  Using the 

same experimental setup and by injecting a source fiber into the center of a highly 

homogenous phantom, the same absolute intensity will be observed by all detection 

channels and the relative intensities can be computed.  Specifically, scaling factors were 

computed by normalizing each channel as follows: 

    )max( )(

)(
i

dBraw

i
dBrawiSF

φ
φ

=
    Eq. 4-2 

Here, i
dBraw )(φ , represents the CW intensity measurement at channel i for each level 

of attenuation (dB) applied to the source.  Scaling factors, SFi , were then created for each 



70 

of the 10 detection channels by dividing each relative intensity by the maximum CW 

intensity for that attenuation level.  Results over the entire dynamic range of the TCSPC 

system for the 5 fluorescence detection channels are illustrated in Figure 4-4 (a).  From 

this figure it is apparent that scaling factors are linear over 2 orders of magnitude, 

corresponding to a detectable intensity range of approximately 200fW – 2fW, as 

highlighted yellow in this figure.  To account for phantom inhomogeneity and the 

possibility of out of focus detection, the experiment was repeated using only the linear 

range and by rotating the gantry in increments of 22.5° around the periphery of the 

phantom. The results are depicted in Figure 4-4 (b) and detailed in Table 4-1.  Calibrated 

relative intensity measurements are then computed as follows:  

     i

i
rawi

meas SF
φφ =      Eq. 4-3 

The previously computed raw intensity measurements, i
rawφ , were divided by the 

channel specific scaling factors, SFi, to yield calibrated relative intensity measurements, 

i
measφ .   

Table 4-1:  A summary of the scaling factors (SFs) used in calibrating raw intensity data.  
These numbers should also serve as a benchmark for future troubleshooting and for 
assessing stability in future system calibration.  
 

 FL TR 

CH 1 0.4911 0.0239 

CH 2 0.4589 0.0497 

CH 3 1.0000 0.0524 

CH 4 0.7191 0.0674 

CH 5 0.8043 0.0487 
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Figure 4-4: In (a) the relative intensity of each detection channel was calculated over the 
entire dynamic range of the TCPSC system using the experimental setup in Figure 5-1.  
The results were used to determine the useful dynamic range and determine the relative 
scaling factors (b).  The scaling factor (SF) results were then used in calibrating raw data 
files.  

4.3.3 Difference Imaging Calibration 

A more detailed explanation of data calibration in fluorescence tomography has 

been previously presented in detail [53, 54].  Here, to minimize the impact of excitation 

light leakage through the filter and endogenous background fluorescence a point-by-point 

difference technique was applied to the fluorescence intensity measurements as follows:  

(a) 

(b) 
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   ( )i
flomeas

i
flheteromeas

i
fl )_(hom)_( φφφ −=    Eq. 4-4 

where i denotes the measurement number and the subscript fl refers to the fluorescence 

emission signals. The subscripts hetero & homo denote heterogeneous (post-contrast) and 

homogenous (pre-contrast) fluorescence datasets respectively.  The adjusted fluorescence 

data, i
flφ , was then divided by the heterogeneous transmission dataset at the excitation 

wavelength, i
trheteromeas )_(φ  and finally scaled to the transmission fluence generated by the 

forward model, i
trheterocalc )_(φ , to yield a calibrated fluorescence dataset, i

flcal _φ .  

   
i

trocalci
trheteromeas

i
fli

flcal )_(hom
)_(

_ φ
φ

φ
φ ×=    Eq. 4-5 

4.3.4 In-vivo Calibration  

It is possible to perform the NIRFSAT data calibration with a single dataset  as 

fluorescence and transmission signals are acquired in parallel with this system.  

Specifically, the fluorescence bleed signal for a given fluence could be estimated based 

on the transmission signal intensity and the previously determined rejection for the 

fluorescence filters:   

 ( )( )flrejectionODi
trheteromeas

i
flheteromeas

i
fl

_10)_()_(
−×−= φφφ  Eq. 4-6 

Here, i denotes the measurement number and the subscripts fl and tr refer to the 

fluorescence and transmission signals respectively.  ODrejection_fl is the previously 

determined rejection of the filters and is considered on a channel specific basis.  Much 

like the difference calibration the subscript hetero denotes heterogeneous (post-contrast) 

fluorescence data.  It is significant to note that a significant amount of noise will be 



73 

introduced into adjusted fluorescence data, i
IVCfl _φ , calibrated using this method as the 

intrinsic tissue autofluorescence will not be removed.   To complete the NIRFAST data 

calibration, the adjusted fluorescence data, i
IVCfl _φ , is divided by the heterogeneous 

transmission dataset at the excitation wavelength, i
trheteromeas )_(φ  and finally scaled to the 

transmission fluence generated by the forward model, i
trheterocalc )_(φ , to yield a calibrated 

fluorescence dataset, i
IVCflcal __φ .  

   
i

trocalci
trheteromeas

i
IVCfli

IVCflcal )_(hom
)_(

_
__ φ

φ
φ

φ ×=    Eq. 4-7 

 

4.4 Image Formation – NIRFAST 

A number of researchers have demonstrated the feasibility of the diffusion 

approximation to model both NIR [55-58] and fluorescence light transport [59-63] in 

tissue. Here, similar techniques were extended to model fluorescence diffusion to recover 

the spatial distributions of absorption and fluorescence yield.  Image reconstruction in 

this thesis was achieved using NIRFAST, a finite element method (FEM)-based software 

package [64, 65].  NIRFAST utilizes a nonlinear Newton-minimization approach [66] to 

obtain inverse solutions to the frequency-domain diffusion equations [67]:  

( ) ( ) ( )[ ] ( ) ( )ωωωμω ,,/, 0 rqrcirrrD xxaxx
rrrrr

−=Φ+−Φ∇⋅∇  Eq. 4-8 

( ) ( ) ( )[ ] ( ) ( ) ( ) ( )
( ) 2][1

1,,/,
r
rirrrcirrrD afxmmamm r

r
rrrrrr

ωτ
ωτημωωωμω

+
−

Φ−=Φ+−Φ⋅∇⋅∇  Eq. 4-9 

where Eq. 4-8 is the excitation field and Eq. 4-9 is the fluorescence emission field.  The 

subscripts x and m denote the excitation and emission wavelengths respectively; ( )ω,0 rq r  

is an isotropic excitation source term at position rr ; c is the speed of light in the medium; 
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ω  is the modulation frequency at excitation; ( )ω,, rmx
vΦ  are the excitation and emission 

fields at position rr ; xaμ  and amμ  represent the absorption coefficients; faμ is the 

absorption due to fluorophore; )](3/[1 ,
'

,, mxsmxamxD μμ += are the diffusion coefficients; 

τ  is the fluorophore lifetime; and η is the fluorophore quantum efficiency.  The reduced 

scattering coefficient, μs', is equivalent to )1( gs −μ , where g is the anisotropy factor μs is 

the scattering coefficient.  Implementation of a Robin-type (type III) condition accounts 

for the refractive index mismatch at the boundary.        

Given initial estimates of μa and ημaf , the model optical properties are calculated 

by non-linear iterative solutions to Eq. 4-10 and Eq. 4-11.  

   

xx Φ∂=∂ℑ μ  Eq. 4-10 

mm Φ∂=∂ℑ γ  Eq. 4-11 

Here, xΦ∂  and mΦ∂ are small changes in the measured boundary data with respect to an 

initial estimate of optical properties μ  and γ  where γ = 
( )21
1
ωτ

ημ
iaf

+
 is the 

fluorescence source term; optical property update solutions are given by μ∂  and γ∂ .  In 

both cases, mx,ℑ , the Jacobian matrix, is calculated via the adjoint-method [62, 68] and it 

maps changes in the logarithm of the signal intensity to small changes in the optical 

properties at each node within the finite-element model.  Having the dimensions of 

( )DS ×  by N, (S is the number of sources; D is the number of detectors; and N is the 

number of nodes), the Jacobian matrix elements are defined as:    
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γ∂
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_

ln
 Eq. 4-13 

where Φij is the intensity of the diffuse remission measurements from source i, to detector 

j, in Eq. 4-12 and Eq. 4-13, respectively.   

The inverse solutions are then obtained by a modified Tikhonov minimization, 

where the objective function is: 

( ) ( )
2

1 0

2

1
2 ∑∑ ==

−+−=
N

i i
M

i
i
calc

i
meas μμλφφχ  

Eq. 

4-14 

Here, M is the number of measurements, N is the number of nodes, i
measφ  is the measured 

intensity data, λ is the regularization parameter, and i
calcφ  is the model intensity data.  

Values of xaμ  and faημ  at each node within the finite-element-model are given by μ and 

μ0 is the initial parameter estimate. 

4.5 Image Reconstruction Parameters 

Simulation and experimental reconstructions performed in this work used optical 

properties representative of the phantoms used to conduct experiments11.  NIRFAST 

meshes utilized the same intrinsic optical properties at excitation and emission: aμ  = 

0.01 mm-1, sμ = 1 mm-1, and an isotropic diffusion coefficient ( D = 0.337 mm).  The 

refractive index for tissue was assumed to be n = 1.33 and the fluorophore lifetime (τ) 

was set to zero because amplitude only reconstructions were performed.   In all work, a 

                                                 
11 Phantoms used in this work were manufactured by ART Inc., Montreal, Quebec 
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dual mesh scheme was used with 400 nodes and 2000 nodes used in the coarse and fine 

meshes respectively.  A regularization value (lambda) of 2 was used determined to be 

optimal and used alongside a 1% stopping criteria.  A representative example of 

calibrated data acquired with the FT system for the case of an 8 mm inclusion is shown 

alongside the reconstructed fit (1% convergence criteria) in Figure 4-5 (a) and the 

resultant image (b).     

 

 

 

Figure 4-5: In (a), a representative example of calibrated data acquired with the FT 
system for the case of an 8mm inclusion is shown alongside the reconstructed fit (1% 

convergence criteria) that produces the final reconstructed image (b).  A phantom 
containing an 8mm inclusion (shown in Figure 6-4 (a)) was used in this experiment.       

 

4.6 Concluding Remarks 

 
In this chapter the methods for co-registration, data calibration, and image 

formation are highlighted.  The co-registration piece is inherently achieved by 

establishing the radial symmetry between the fluorescence tomography and microCT 

systems, which allows 2-D meshes to be generated and the fluorescence scanner source 

and measurement positions to be placed virtually. Intensity calibration is performed 

automatically in acquiring data with the FT system and is used to perform either 

(a)  (b) 
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difference or “in-vivo” calibration, with the latter intended for more time sensitive 

experiments that can afford a loss in image quality.  Finite-element image formation is 

achieved using NIRFAST, a frequency domain tomographic image reconstruction 

platform.  



78 

 

Chapter 5 – System Performance 

 
This chapter summarizes the performance characterization of the individual 

components of the fluorescence diffuse tomography system along with a detailed 

summary of the methods employed.  Specifically, the various subsystems are highlighted 

herein:  

• The noise characteristics of the various subsystems including: the fluorescence to 

transmission ratio; out of focus detection; the motorized attenuator; positioning 

for the gantry, linear stage, and microCT specimen bed.  The positioning error 

introduced by the movement of the animal from the microCT to the fluorescence 

tomography system is also investigated.   

• Performance specifics for the source side of the system including maximum 

optical power, FWHM, and examination of the IRF stability.  

• The effective system noise was estimated with and without the automatic-

exposure control (AEC) feature using experimentally data obtained for 20 

repeated acquisitions of a fixed PP-IX concentration.   

These results are highlighted in Table 5-1 below and serve as a reference for future 

system characterization in troubleshooting and as a benchmark for other small animal 

fluorescence imagers.   

 

 

Table 5-1: Performance results for the individual subsystems of the fluorescence 
tomography system. 



79 

 

Excitation Source 

Optical Power 1.52 mW 

Spectral FWHM 8.7 nm 

Temporal FWHM 465 ps 
 

IRF Stability 
Detection Channels 364.32 ± 8.42 ps 

Reference Channel 333.12 ± 7.75 ps 
 

FL-to-TR Ratio 1.2% 

Out of Focus Noise 1% - 4.5% 

Attenuator Noise 0.8% 

Usable Dynamic Range 100,000 

Positioning Error 

Linear Stage 5μm 

Gantry 0.025° 

microCT Bed  

(X) = 0.174 μm 

(Y) = 0.062 μm 

(Z) = 0.174 μm 

Animal 

(X) = 0.140 μm 

(Y) = 0.131 μm 

(Z) = 0.072 μm 
 

Effective System Noise 
Without AEC 6.89% 

AEC 7.55% 
 

Resultant Image Noise 
Without AEC 205pM 

AEC 225pM 
 

 

5.1. Detector Characterization 

Detection linearity was examined as a function of increased integration time and 

input optical power using the experimental setup portrayed in Figure 5-1.  To ensure all 

channels would detect the same intensity simultaneously, a collimated source fiber was 

injecting into the center of a homogenous 25mm phantom and diffuse transmission 

measurements were then collected by the 5 detection channels (C1-C5), located several 
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centimeters away.  In this setup, the same intensity is detected by the 5 optical channels, 

assuming the phantom is sufficiently homogenous, and the detection spots are radially 

aligned with the center of the gantry.  Because out of focus detection could result in a 

deviation in the relative intensity measurements, care should be taken to ensure the 

phantom is radially aligned with the gantry.  Results for the detector linearity, over an 

input optical power range of 2pW – 0.02 fW, is shown for the fluorescence detection 

channels in Figure 5-2 (a). The flat lines at the bottom of the figure correspond to the 

noise floor for each detector channel, as determined by the dark count rate.  Dark counts 

arise due to thermally generated electrons in the semiconductor material, and increase 

linearly based on the integration time applied.  A plot of the dark counts as a function of 

integration time over the range 100ms-10s is shown in Figure 5-2 (b).  In the current 

configuration a fixed integration time of 1ms is applied to all detection channels, and the 

average dark counts are then subtracted from the raw data on a channel specific basis.  

The dark noise characterization highlighted here has the potential to be used in the further 

optimization of the detection system by applying a linear fit to each channel to allow the 

integration time to be dynamically adjusted for each detector at each source angle, as is 

common in CCD based systems[49].  This approach poses several potential problems for 

a TCSPC system however as the HRT-41 router modules allow up to four TCSPC signals 

to be acquired in parallel, assuming the same integration time is applied to all channels.  

This is problematic as additional acquisitions would need to be acquired for each of the 

desired integration times.               
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Figure 5-1: The setup used to assess PMT linearity is shown.  By using a collimated 
source, and injecting it orthogonally into the center of a 25mm cylindrical phantom, the 
same optical power was sampled by all channels simultaneously, allowing the relative 
sensitivities to be examined.   

Detector linearity as a function of increased integration time was also examined, 

as shown in Figure 5-2 (c).  Here, the results are again shown for the 5 fluorescence 

detectors and indicate that a highly linear response can be obtained by varying the 

collection time of the TCSPC boards.  Though increased integration time could delay 

data acquisition, this feature is one benefit of TCSPC instrumentation as it allows higher 

signal-to-noise ratios (SNR) to be obtained in very low light applications. 

Characterization results for the transmission an fluorescence PMTs can be found in 

Appendix D – Detector Characterization. 

  

(a) (b) 
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Figure 5-2: PMT linearity over the entire dynamic range was also examined by 
examining the count rate as a function of input optical power (a).   Plots of the dark count 
rate as a function of integration time are shown in (b) and the PMT time linearity 
response is shown in (c).      

5.2 Optical System Characterization 

5.2.1 Excitation Source Characterization 

The Sepia-828 laser diode allows for fully automated LabVIEW control of the 

diode’s pump rate and has the capacity to support up 8 pulsed diode lasers.  Currently, the 

system has a single gain-switched 635nm diode that was selected for imaging 

Protoporphyrin IX fluorescence.  A normalized intensity plot of the source’s spectral 

profile is shown in Figure 5-3 (a).  Using this data it was determined that the source has a 

spectral FWHM of approximately 8.7nm at the selected operating point, as detailed 

below.    

To determine the optimal pump rate for this application, the output intensity and 

FWHM of the time domain pulse at the surface of the specimen were monitored as the 

gain was adjusted from the diode’s threshold to 95% of the maximum rating.  The plots 

of intensity and temporal FWHM as a function of the pump rate are shown in Figure 5-3 

(c) 
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(b) and (c) respectively.  Based on these results a pump rate of 80% was selected 

corresponding to 1.52 mW of optical power at the surface of the specimen and a FWHM 

of approximately 465 ps.  Though the FWHM somewhat irrelevant for this work as CW 

measurements alone are being used, it remained part of this analysis as it is an essential 

parameter in lifetime fitting, lifetime tomography, and time resolved diffuse optical 

tomography, all of which are potential future areas of investigation for this instrument 

highlighted in this work.  

 

 

Figure 5-3: A plot of the source’s spectral profile at the selected operating point is shown 
in (a).  Plots of the 635nm pulsed diode laser’s intensity (b) and temporal FWHM (c) are 
shown as a function of the driver’s pumping capability.   

(a) (b) 

(c) 
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5.2.2 Instrument Response Characterization 

In certain applications including, analytical optical property fitting, time-domain 

diffuse optical tomography, and Fourier Transform data analysis approaches to extracting 

frequency domain information, experimental TPSFs must be deconvolved from the 

instrument response function (IRF).  Many deconvolution methods have been reported 

[69], but the most basic is the linear frequency domain approach.  Here, the dispersive 

contributions of the various optical components, including fibers, PMTs, and lenses are 

first characterized using a setup similar to that portrayed in Figure 5-4 (a) or (b).  The 

benefits and drawbacks of each setup will be discussed shortly, but both setups are 

comprised of the excitation source optical chain, a diffuser to ensure all modes in the 

optical fiber are excited, and the detection system optical components.  In treating the 

problem as a linear time invariant (LTI) system, as shown schematically in Figure 5-4 (c), 

the impulse response function (IRF) can be expressed as:  

( ) ( ) ( )ωωω DETECTIONREFIRF HFF ⋅=  Eq. 5-1 

where FIRF(ω) is the Fourier Transform of the TPSF detected by the TCSPC 

instrumentation, FREF(ω) is the Fourier Transform of the TPSF representing the source 

dispersion, and HDETECTION(ω) is the transfer function of the detection system and 

characterizes the optical chain.  When a phantom or animal is inserted into the system, 

the LTI system can then be expressed as: 

( ) ( ) ( ) ( )ωωωω TISSUEDETECTIONREFEXP HHFF ⋅⋅=  Eq. 5-2 

where FEXP(ω) is the Fourier Transform of the experimentally acquired TPSF, FREF(ω) is 

the reference IRF, HDETECTION(ω) is the previously calculated transfer function 
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representing the detection system, and HTISSUE(ω) is the transfer function representing the 

tissue.   

The two experimental setups examined in this work are depicted in Figure 5-4 (a) and 

(b). There are three primary differences:  

1. In (a) the optical system is setup on the bench and each channel is setup 

individually to account for the optical path length contribution of the diffuser.  

This is achieved by accounting for the thickness (d) and refractive index (n) 

change in the glass (OPL = n·d) and by adjusting the distances between the source 

and detection system accordingly.  In (b), the optical path length increase is not 

accounted for and ultimately should result in an observable increase in pulse 

dispersion.  

2. Setup (a) allows a truly Lambertian source to be sampled, as source and focal 

point of the detection optics can be orthogonally aligned.  In (b), only CH 3 is 

orthogonally aligned, resulting in less-diffuse signals being observed by C2 & C4, 

and even more so for C1 & C5.  

3. The “Gantry” style setup depicted in (b) positions the center of the ~5.8mm 

diffuser in the center of the gantry. This corresponds to measurements being 

obtained approximately 2.9mm out of focus in this geometry compared to the 

“Bench Top” characterization which positions the diffuser perfectly in focus, 

97mm from the lens.  
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Figure 5-4: The “Bench Top” (a) and “Gantry” (b) IRF characterization setups are 
schematically shown.  
 

Data was acquired using the “Bench top” and “Gantry” IRF characterization 

setups depicted in Figure 5-4 (a) and (b) respectively.  The results are depicted in Figure 

5-5 (a) and (b) for the fluorescence and transmission channels. Upon examination of 

these figures it is evident that the “Bench top” characterization results in a slightly greater 

FWHM in the IRF pulse, indicating these set of measurements incur more dispersion than 

the corresponding “Gantry” measurements.  Specifically, the average FWHM difference 

between “Bench Top” and “Gantry” setup was found to be 25.8 ps and 19.8 ps for the 

fluorescence and transmission channels respectively.  This is somewhat counterintuitive, 

(b) (a) 

(d) 

(c) 
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considering the increased optical path length that is not accounted for in the “Gantry” 

setup, but this discrepancy can likely be attributed to the measurements being obtained 

2.9 mm out of focus.  

Additional experimentation could be performed to isolate the source of 

discrepancy and/or to investigate the statistical significance.      

Figure 5-5: IRF FWHM results obtained using the “Bench top” and “Gantry” IRF 
characterization setups depicted in Figure 5-4 (a) and (b) respectively. 
 

In this work the “Bench Top” IRF characterization is not practical as 

disassembling and reassembling the system is a very labor intensive process making the 

method “Gantry” setup presented in Figure 5-4 (b) preferential.  In this configuration the 

IRF pulse stability was determined to be 364.32 ± 8.42 ps (N = 10) and 333.12 ± 7.75 ps 

(N = 30) on the C3 fluorescence and reference channels respectively.      

5.2.3. Fluorescence-to-Transmission Ratio: Calibration Validation 

The fluorescence to transmission ratio data, has previously been shown to reduce 

coupling errors at the air-tissue interface and minimize the influence of tissue 

heterogeneities [54, 70].  In an effort to verify that the raw and relative intensity 

calibration has been performed properly, ratio data was examined using the data 

(a) (b) 
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previously used in computing the scaling factors (Figure 4-4).  A uniform intensity was 

sampled by all channels and only the linear portion of the TCSPC instrumentation’s 

instrument response was utilized, so a fluorescence-to-transmission ratio of 1 can be 

expected for properly calibrated data.  The ratio results for 30 consecutive samples, 

obtained at a fixed gantry angle are depicted in Figure 5-6 (a) and indicate that a 1.2% 

error can be expected when the fluorescence to transmission ratio is taken over the linear 

range of the PMTs.  Here, it is significant to note that the data calibration begins to break 

down below 30dB or 2fW, corresponding to an approximate count rate of 500 

counts/second.  This is evident upon inspection of ratio data acquired below 30dB in 

Figure 5-6 (a).  The automatic-exposure control system created for this work dynamically 

adjusts the laser’s optical power so that this minimum threshold of 500 counts will be met 

on the lowest counting channel.  In the event this minimum value can not be reached, or 

the maximum range is exceeded, the data should be excluded during the reconstruction 

process. 

 (a) (b) 
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Figure 5-6: In (a), the data calibration process was analyzed by taking the fluorescence to 
transmission ratio measurements of the calibrated relative intensity data. Using the 
experimental setup depicted in Figure 5-1, a fluorescence-to-transmission ratio of 1 can 
be expected for well calibrated data.  The validity of absolute intensity data values were 
also examined in (b) and determined to be problematic, based upon an observed 11% 
standard deviation in the data that should be calibrated to all the same value.  The 
fluorescence-to-transmission data type appeared more resistant to errors from possible 
misalignment of the stage with respect to the gantry’s center of rotation, as shown in (c).          
 

The variation in calibrated intensity as a function of the gantry angle was also 

investigated to examine the impact of phantom inhomogeneities, and possible 

misalignments of the stage with respect to the gantry’s center of rotation.  The 

experimental setup previously employed in Figure 5-1 (a) was again utilized and 

calibrated intensity measurements were acquired (N=10) at 16 angles as the gantry was 

rotated over a range 0°-360°.  The results are illustrated in Figure 5-6 (b) and indicate that 

an 11% deviation in the calibrated intensity can be expected in the intensity data.  This 

discrepancy is likely due to phantom inhomogeneity (even though it was supposed to be 

homogeneous), and is corrected when the fluorescence to transmission ratio is 

implemented, as shown in Figure 5-6 (c).  In this scenario an average error of 0.6% was 

observed in the ratio data when all channels are considered. 

(c) 
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5.3.2. Out of Focus Detection 

To examine the impact of out of focus detection and the benefits ratio data might 

provide, the setup depicted in Figure 5-1 (a) was again used, but with a linear translating 

stage attached to allow for a variation in the working distance plane, as shown in Figure 

5-7.   

 

Figure 5-7: A photograph of the experimental setup used to investigate out of focus 
detection.  Here, the source is injected into the center of a 25mm phantom and the 
working distance was vertically adjusted from -10mm to 10mm, with 0mm corresponding 
to the gantry center position.   
 

The system utilizes focalized detection designed to operate at a working distance 

of 97mm.  Here, a ±10 mm offset was applied as this is within a reasonable range of what 

can be expected for a mouse positioned in the system.  The percent error in detected 

intensity was calculated based on the deviation from 0mm, or operation at the proper 

working distance.  These results are highlighted in Figure 5-8 (a), and indicate that 

absolute intensity errors of up to several percent can occur between a working distances 

of 97mm and 107mm.  Again, the fluorescence-to-transmission ratio should be resistant 
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to errors from this, with a standard deviation error of only 0.8% apparent in this dataset, 

as shown in Figure 5-8 (b).     
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Figure 5-8: The position of a 25mm phantom was systematically adjusted between the 
proper working distance and ± 10mm out of focus.  The percent deviation in calibrated 
intensity relative to the proper working distance is shown in (a) and the fluorescence-to-
transmission ratio results are highlighted in (b). 

(a) 

(b) 
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5.3.3. Filtering 

A cross sectional schematic of the motorized filter slide’s internal setup is shown 

schematically in Figure 5-9 (a) and the exterior is pictorially presented in (b).  After the 

diffuse signals are collected and the intensities are split using a beamsplitter, the diffuse 

photons in each channel are collimated, and directed through the appropriate filter sets 

before arriving at the PMT photocathodes.  Both fluorescence and transmission slides are 

operated under LabVIEW based user control of an M-Drive 23 motor, and allow two 

filter sets to be positioned using a single slide.  Slides are easily removable, as shown in 

Figure 5-9 (b), and mechanically default to a centralized blocking position to prevent the 

PMTs from incurring damage.    

In imaging Protoporphyrin IX fluorescence 650 long-pass (LP) filters with 

approximately 3OD rejection in the excitation band, are used to separate fluorescence and 

excitation signals.  To ensure the fluorescence and transmission signals fall within the 

same dynamic range over the biologically reasonable range of Pp-IX concentrations, the 

transmission channels attenuate the excitation signals using 2OD absorptive neutral 

density filters.  Because the transmission signals only receive approximately 5% of the 

collected photons, this effectively results in a 3 order of magnitude difference between 

the fluorescence and transmission signals detected by the system.  

PMT

400μm Fiber

Collimating Lens

Filter

Motorized Slide

PMT

400μm Fiber

Collimating Lens

Filter

Motorized Slide  
 (b) (a) 
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Figure 5-9: In (a) a cross sectional schematic of the filter slide mechanism comprised of a 
400 µm fiber directing collimated light into towards the motorized slide and through the 
filter set of choice and finally into the PMT.  A photograph of a filter slide containing 650 
LP filters being inserted into the system through a side port is shown in (b).  
 

Each filter was characterized in the system and by averaging data acquired over 

30 repeated samples. Specifically, one set of measurements was acquired without the 

filters (I0) followed by another series of measurements with the filters in the optical path 

(I) allowing the filter OD rejection/attenuation to be calculated by:  

⎟
⎠
⎞

⎜
⎝
⎛=

I
I

OD 0
10log  Eq. 5-3 

The specifics of the various filter sets used in acquiring data for this thesis are 

outlined in Table 5-2.  Phantom and in-vivo experiments utilizing Pp-IX as the 

fluorophore used a 2OD TR filter set and the 650LP filters in the fluorescence. The 1OD 

TR and 2OD FL filter sets were used in performing the scaling factor characterization 

and other similar experiments that required non-fluorescence data to be acquired within 

the same dynamic range.      

Table 5-2: A list of the filters used in the collection and calibration of the data presented 
in this work. 

Channel 1 OD TR 2 OD TR 650 LP (Chroma) 2OD FL 

C1 0.96 ± 0.01 1.992 ± 0.006 3.10 ± 0.03 1.978 ± 0.009 

C2 0.97 ± 0.01 1.994 ± 0.006 3.04 ± 0.02 1.917 ± 0.010 

C3 0.97 ± 0.01 1.996 ± 0.006 3.05 ± 0.02 1.950 ± 0.007  

C4 0.94 ± 0.01 1.994 ± 0.006 3.02 ± 0.02 1.811 ± 0.007 

C5 0.98 ± 0.01 1.999 ± 0.008 3.04 ± 0.02 1.913 ± 0.006 
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5.3.4. Attenuator Characterization 

Recall that in performing the intensity calibration, as detailed in 4.3.1  Intensity 

Calibration, each integrated TPSF must be normalized to account for the source 

attenuation employed.  The motorized attenuator used in this system, allows the source 

intensity to be adjusted between 0 and 5OD with a resolution of 0.01 OD.  Calibration 

was performed by adjusting the applied attenuation over the range 0-50dB and by 

recording the observed attenuation with a power meter.  The results, depicted in Figure 

5-10 (a), indicate a highly non-linear response in recorded OD.  To determine the 

polynomial fit most representative of this response, a 25mm homogenous phantom was 

scanned using two different attenuation levels, 25dB and 30dB.  The data was then 

calibrated, first using a linear fit Figure 5-10 (b), and then compared to the OD calculated 

from polynomial-based calibration equations of increased order, until the misfit between 

the two datasets reached a minimum.  These results are shown in Figure 5-10, for data 

calibrated using an OD determined via a linear fit (b) and a 7th order polynomial fit (c): 

OD = 7E-11(dB)7-1.4E-8(dB)6+1.2E-6(dB)5-4.9E-5(dB)4+0.001(dB)3-0.0092(dB)2+0.11(dB)-0.11 (2) 

where (dB) is the attenuation applied to the excitation source in decibels (dB).  This 

approach to calibrating the motorized attenuator reduced the mean error in calibrating the 

experimental data from 10.3% to 0.8% respectively, when the linear fit is compared to 

the 7th order polynomial fit for this equation.   
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Figure 5-10: (a) Characterization of the non-linear motorized attenuator in line with the 
laser source and data calibration resulting from a linear fit (b) and higher order 
polynomial fit (c).   
 

(a) 

(b) 

(c) 
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5.4 Positioning Error  

Positioning error in this non-contact system can be primarily be attributed to four 

sources, including miss-positioning of the linear stage & gantry in the fluorescence 

tomography system, microCT bed positioning error, and motion induced animal 

positioning error. 

The positional accuracy of each was determined using the following experimental 

techniques:  

 Linear Stage – The positional accuracy in homing the stage was determined by 

first homing the stage to the mechanical limit switch corresponding to the home 

position and by then moving the stage exactly 80,000 counts, as determined by 

the optical encoder connected to the motor’s shaft.  This position, at 80,000 

counts, was then designated Position = 0, and the number of counts, again as 

determined by the shaft encoder, were counted until the stage returned to the 

home position, as defined by the mechanical limit switch.  The linear stage was 

determined to be accurate to approximately 5 μm (N = 30). 

 Gantry – To determine the positional accuracy in homing the gantry, the gantry 

was first homed to the limit switch corresponding to θ = 0, and then positioned 

174,870 counts, or 90 degrees. This position was set to zero, and the number of 

counts required to home the device was recorded for a total of 200 samples.  In 

this system, the rotating gantry utilizes a fan beam detection geometry with the 

optics having a 97mm working distance.  At this focal length, this corresponds to 

a 0.015° arc length of positioning error at the surface of a 25mm diameter 

specimen.      
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 microCT Bed – The error in positioning the GE Explore Locus microCT’s linear 

stage was determined by repeatedly attaching/detaching and scanning a 

homogenous 25mm phantom at the same position in the scanner.  The setup for 

this experiment is depicted in Figure 5.10. Post data collection, Mimics was used 

to quantify the deviation in X, Y, and Z positioning at the end of the cylinder over 

consecutive scans.     

 Animal Positioning - The error introduced through moving the animals between 

the microCT and fluorescence imager was examined by repeatedly 

attaching/detaching the mouse bed, with a nude mouse anesthetized and firmly 

secured, between scans.  The animal’s X,Y, and Z displacement was quantified by 

using Mimics and by finding the first slice to intersect the top of the head (X), 

nose (Y), and side of the head (Z).    

The results of these positioning experiments are comprehensively detailed in Table 

5-3 and the coordinate system used in this analysis is detailed in Figure 5-11.  

 

 

Figure 5-11:  A photograph of the setup and definition of the coordinate system used in 

determining the microCT bed positional accuracy.   

 
Table 5-3:  A comprehensive list of the positional accuracy results for the various sources 

of positioning error. 

Y 

Z 

X 
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Positioning Positional Accuracy  No. Samples (N) 

Linear Stage 5μm 30 

Gantry 0.025° 200 

microCT Bed 

(X) = 0.174 μm 

(Y) = 0.062 μm 

(Z) = 0.174 μm 

15 

Animal 

(X) = 0.140 μm 

(Y) = 0.131 μm 

(Z) = 0.072 μm 

10 

5.5 Effective System Noise Estimation  

The effective system noise was estimated with and without the automatic-

exposure control (AEC) feature.  The primary difference between the data acquired with 

the two imaging sequences is that the same source strength was utilized in performing 

difference imaging of the data acquired without the AEC.  To this end, no additional error 

resulting from the calibration of the motorized attenuator was introduced in calibrating 

these datasets.  To perform a heads up comparison between the two techniques, a serial 

dilution experiment was first performed over several concentrations, and the resultant 

image intensity in the ROI, Figure 5-12 (a), was used to generate a calibration curve for 

the recovered concentration, as shown in Figure 5-12 (b) for the case of simulated data.  
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Figure 5-12: In (a) an image of the two regions used in the finite-element mesh is shown, 
with the white area representing the ROI, as determined by microCT scanning of the 
phantom.  Plots of recovered fluorescence yield as a function of Pp-IX concentration was 
generated for simulated as well as experimental data with and without the automatic-
exposure control.   
 
  Twenty datasets (N = 20) were then acquired at a concentration of 1μg/ml for 

each of the two techniques and used to recover 40 fluorescence yield images.  A 

representative set of images can be found in Figure 5-13 (a) and (b) for data collected 

without and with the AEC respectively. The recovered fluorescence yield in the ROI was 

recorded for each image and used to calculate the effective Pp-IX concentration, based on 

the substitution of this value into the experiment specific linear fit to the calibration curve 

relating recovered fluorescence yield and Pp-IX concentration (Figure 5-12(b)).  In 

transforming recovered fluorescence yield into recovered Pp-IX concentration, the 

effective system noise can be estimated following similar data analysis of simulated data 

generated at different noise levels.  Thirty simulated fluorescence forward data was 

generated with 1%, 2%, 5%, and 10% Gaussian noise added and used to reconstruct 

images of fluorescence yield.  The standard deviation in recovered concentration at each 

(a) (b) 

ROI 
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noise level was then used to generate another calibration curve representing the simulated 

system noise as a function of the recovered concentration error in the ROI as, as shown in 

Figure 5-4.  By performing a linear fit to this data and by substituting the experimentally 

recovered standard deviations in Pp-IX concentration into this equation, the noise level of 

the system was estimated to be 6.89% and 7.55% for reconstructions performed using 

data without and with the AEC routine respectively.  

Without AEC With AEC 

  

Figure 5-13: A representative set of the 20 images reconstructed for data obtained 
without (a) and with (b) the automatic exposure control implemented.  

 

 

 

(a) (b) 
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Figure 5-14: The plot of Concentration Error vs. Modeled Data Noise that was used to 
estimate effective system noise by substituting the experimentally recovered standard 

deviations in Pp-IX concentration into the equation generated via a linear fit to this data.   
 

5.6 Concluding Remarks 

 
• This chapter summarizes the performance characterization of the individual 

components of the fluorescence diffuse tomography system along with a detailed 

summary of the methods employed.  Specifically, the noise characteristics of the 

various subsystems including: the fluorescence to transmission ratio; out of focus 

detection; the motorized attenuator; positioning for the gantry, linear stage, and 

microCT specimen bed were characterized.  Ultimately the effective system noise 

was determined to be 7.55% and 6.89% for images obtained with and without the 

automatic exposure control routine implemented.    
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Chapter 6 System Imaging Evaluation and Experimental 

Results 

 
The challenges in constructing and evaluating a small animal imaging system are 

many, and this work has been an effort to addresses the application specific demands 

common to molecular imaging of rodents.  The design goals used to construct the system 

were to: 

7) provide maximal sensitivity using single photon counting techniques 

8) utilize a non-contact interface which is compatible with microCT imaging 

9) acquire fluorescence and transmission signals in parallel  

10) complete a total imaging sequence in several minutes 

11) image with multiple detectors in parallel 

Each of these goals has been met with this system, and the basic calibration stages 

and levels have validation have been outlined in the previous chapters.  In this chapter, a 

series of simulations and phantom experiments designed to characterize the imaging 

performance, response linearity, and automatic exposure control functionality of the 

system were performed.  Ultimately, the benefits of the calibration techniques and 

instrumentation performed in this work are highlighted by comparing to the standard 

calibration techniques and followed by an animal imaging feasibility study.   

6.1 Image Analysis – Contrast Detail Characterization  
Image contrast-to-noise analysis has been used to quantify performance in diffuse 

optical tomography [71] and fluorescence diffuse optical tomography [64].  Though it 
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avoids the subjective component introduced by a human observer, it remains an 

appropriate and effective method for quantitatively determining an accurate bounds of 

detectability for a given imaging system.  Here, image contrast-to-noise ratio (CNR) was 

examined as a function of target contrast and size to investigate the detectability limits of 

the system as well as to examine the impact of target position.  It is well known that 

image contrast degrades rapidly with distance from the boundary in diffuse imaging [64] 

and it has previously been shown that this impact can be significant for fluorescence 

breast imaging.  In the study conducted by Davis et al [64], it was determined that the 

minimum detectable size varied by 150% when targets near the edge and center of a 51 

mm diameter domain, selected to correspond to the size of a breast.  Though this study 

concluded that target position can significantly impact target recovery, this analysis was 

limited to the breast geometry and hence did consider small animal geometries, or the 

fan-beam geometry utilized in this work.    

In conducting the analysis, simulated data was generated using the previously 

determined system noise level of 7.5%, as highlighted in Chapter 5.  The target diameter 

was then adjusted for 39 sizes between 0.5mm and 10mm for each of 40 contrasts in the 

range of nine to zero where contrast was defined as:  

)(

)()(

TrueBackground
af

TrueBackground
af

TrueROI
afContrast

μ
μμ −

=  Eq. 6-1 

Specifically, the µaf in the target was adjusted between 0.00205 mm-1
 and 0.000205 mm-1 

corresponding to PPIX concentrations of 1µg/ml and 100 ng/ml.  Forward simulations 

were first performed on an 8000 node 25mm diameter circular mesh and then 

reconstructed using a dual mesh reconstruction scheme that utilized a 2000 node fine 
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mesh and a 400 node course mesh in performing the inversion.  Excitation and emission 

intrinsic optical properties of µa= 0.01 mm-1 µs = 1 mm-1 where used in all meshes.  To 

examine the impact of target position, simulations were performed for two targets 

centered at the two locations schematically illustrated in Figure 6-1: (0mm, 0mm) the 

mesh center position and (0mm, 6.25 mm) the position corresponding to ¾ of the total 

mesh diameter.  Following reconstruction, the solutions were interpolated onto an 8,000 

node mesh and the mean signal and noise in the nodes corresponding to the target region 

of interest (ROI) were computed.  The entire area outside of each target region was then 

used to compute the background signal and noise levels.  In performing contrast-to-noise 

analysis the following equation was selected to ensure proper weighting of the noise in 

the target and background regions [71]:            

22
BackgroundBackgroundROIROI

Background
af

ROI
af

ww
CNR

σσ

μμ

+

−
=  (4) 

where ROI
afμ  & bkg

afμ  are the mean node values in the target and background respectively, 

ROIw  & bkgw  are weighting factors to account for the relative area of target and ROI, and  

2
ROIσ  & 2

bkgσ  are the calculated noise values in the target and background.  Noise 

weighting for the background and ROI were computed using 

( )BackgroundROI
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Figure 6-1: (a) An image contrast-to-noise (CNR) study was performed using actual 
system noise characteristics to examine the impact of target size and contrast on relative 
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detectability.  The experiment was examined for targets near the edge (0mm, 6.25 mm)  
and center (0mm, 0mm) of the imaging domain, represented by (a) and (b) respectively.   
  

The results are shown in Figure 6-1 and a representative set of images for target 

center position (0mm, 6.25 mm) are highlighted in Figure 6-2.  In examining Figure 6-1 it 

is significant to note the small discrepancy in calculated CNR between targets at the edge 

and center positions as represented by (a) and (b), respectively.  For example, the Figure 

indicates that a CNR of 5.95 can be obtained for a 2 mm diameter target when the target 

is located near the edge of the domain (a) and the highest contrast is considered.  To 

obtain the same CNR of 5.95 for a target in the center of the domain, which would 

inherently have a lower SNR, this can be achieved for a 3.25 mm diameter target.  It is 

significant to note that this corresponds to a change of only 62.5 %.  This is obvious upon 

inspection of both CNR graphs and the apparent rightward shift for a CNR of 4.5, for 

example.  In both scenarios (edge vs center) all targets larger than ~1mm could be 

detected as compared to a minimum detectability of approximately 2mm (edge) and 4.5 

(center) for a 51mm domain as reported by Davis et. al [64].  The fact that there is no 

discrepancy in minimum detectability and only a slight difference in CNR illustrates the 

slight spatial dependence target location will have in small animal imaging using the fan-

beam approach utilized in this work.    
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Figure 6-2: A representative set of images from the CNR analysis in Figure 6-1 for 

target-to-background contrasts of 9, 5, and 2.  In examining this figure, it is significant to 
note that the target position can accurately be recovered, but that target size can not.   
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In examining Figure 6-2 it can be observed that the target location can be recovered for 

targets larger than approximately 1mm, but that the quantification of target size and the 

underlying fluorescence yield is insufficient, and degrades with decreases in target-to-

background contrast.  Figure 6-3 investigates this relationship by portraying the error in 

recovered fluorescence yield as a function of contrast for target diameters of 10mm, 

4mm, 2mm, and 1mm.  Here, the resultant ηµaf values are a result of the average ηµaf in 

the true ROI, as defined by the region label when creating each mesh.  These results are 

shown for targets near the center (no line) and edge (line). In examining this graph, it is 

important to note that the resultant error in recovering concentration decreases with (i) 

increasing target contrast, and (ii) decreasing target size.  Upon first observation this 

seems counterintuitive, as one would naturally expect superior recovery for higher 

contrasts.  This is still the case, only the performance metric is not CNR or image 

contrast, but error in recovering ηµaf.  Here, the error is at a minimum for lower contrasts 

owing to the more homogenous recovery in the spatial distribution of fluorescence, and 

the fact that target size is not well recovered, as illustrated for the r = 1.25 mm targets in 

Figure 6-2.  This is particularly true for contrasts below 1, where the target location can 

not be recovered.  In addition, a general underestimation of the recovered ηµaf can be 

observed with decreasing target size.  Here, the impact of target position within the 

domain becomes more apparent, where deviations in the ηµaf recovery increase with 

increases in contrast and for targets in the center of the domain.    

 This work clearly illustrates the challenges in quantifying image results in diffuse 

imaging.  As previously mentioned, it has been suggested that a-priori information could 

help to mitigate these issues to some extent, but this becomes particularly challenging 
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when coupling to microCT, which has poor soft tissue contrast, meaning soft tissue 

tumors can not easily be visualized in most regions of the body, even when contrast 

agents are used.      
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Figure 6-3: A plot of the error in recovered fluorescence yield as a function of contrast 
for target diameters of 10mm, 4mm, 2mm, and 1mm.  Here, the resultant ηµaf values 
were computed by computing the average ηµaf in the true ROI, as defined by a region 
label when creating each mesh.   

6.2  Experimental Performance Characterization 

6.2.1 Tissue Simulating Phantoms 

In analyzing the performance of the FT system, phantoms created by ART, Inc. 

were used in this work.  Both the homogenous and heterogamous phantom containing an 

8mm target consisted of intrinsic optical properties, xaμ  = 0.01 mm-1, sxμ = 1 mm-1, and 

an isotropic diffusion coefficient ( xD = 0.337 mm).  NIRFAST meshes were assigned 

these optical properties values at both the excitation and emission wavelengths.  The 

refractive index for tissue was assumed to be n = 1.33 and the fluorophore lifetime (τ) 

was set to zero because amplitude only reconstructions were performed. 
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All simulation studies performed in this work incorporate the intrinsic optical 

properties of the phantoms and model Pp-IX fluorescence by incorporating fluorophores 

absorption information for the specific Pp-IX concentration according to: 

( )ca ⋅= εμ 303.2  Eq. 6-2 

where μa is the absorbance, ε represents the molar extinction coefficient of Pp-IX, and c 

is the fluorophore concentration.  In this work a Pp-IX molar extinction coefficient of 500 

mm-1 M-1  [72] was used along with a Pp-IX molecular weight of 606.62 g/M in 

calculating the target and background fluorophore absorption values for simulations in 

this work; they are summarized in Table 6-1.   

Table 6-1: The Pp-IX fluorophore concentrations used in the liquid phantom experiments 
along with their corresponding fluorophore absorbance values.   
 

Concentration μaf 

10 μg/mL 0.0205 mm-1 

5 μg/mL 0.0102 mm-1 

3.5 μg/mL 0.0072 mm-1 

1 μg/mL 0.0021 mm-1 

 

6.2.2 Reconstruction Linearity 
 

To assess the linearity in reconstructing fluorescence yield, a 25mm diameter 

phantom (µa = 0.1 mm-1. µs’ = 1 mm-1) containing an 8mm diameter fluorescent target 

was imaged with without the automatic exposure control scheme implemented.  The 

phantom was first scanned in the microCT, Figure 6-4(a), to obtain the boundary 

information required for placing the sources, as well as the location of the target, to be 

used in the hard prior reconstruction.  The target volume was then filled with a 
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Protoporphyrin IX (PP-IX)/intralipid emulsion and imaged over a range of concentrations 

ranging from 1μg/ml to 0.0625 μg/ml, the lowest concentration that could be recovered.  

Linearity results of the recovered fluorescence yield are shown with and without spatial 

hard priors in Figure 6-4(b).  The corresponding images are shown in (c) and are 

representative of system performance.  Here, the recovered fluorescence yield is shown 

with and without spatial hard priors in the bottom and top of (c), respectively.  From 

these results it was apparent that the recovered size and fluorescent yield are 

underestimated when the spatial prior information is not used, and that the quantification 

can be improved using the prior structural information.       

 

(a) (b) 

Target 
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Figure 6-4: A cross sectional microCT image of the 25mm diameter resin phantom is 
shown in (a).  System linearity was examined by filling the target region with a range of 
Protoporphyrin IX concentrations with Intralipid to match the phantom.  The recovered 
fluorescence yield values (ημaf), from tomography were as shown in (b).  The 
corresponding images are shown without prior information (top) and with (bottom) priors 
in (c).    
 

6.2.3 Imaging Irregular Geometries 

The system was intentionally designed as a fully non-contact system, and as such 

the potential errors associated with irregular geometries are critical to analyze.  To 

address this an anthropomorphic mouse phantom was used (Caliper Life Sciences, 

Hopkinton, MA) to test the system in the standard mouse imaging application it was 

constructed for.  This was done to assay the impact of measurements obtained out of 

focus and non-normal to the detection geometry.  The phantom, shown pictorially in 

Figure 6-5(a), was scanned with the microCT system to obtain the anatomical and 

boundary contour information Figure 6-5 (b).  This particular phantom comes equipped 

(c) 
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with removable 3mm diameter rods to allow various manufacturer supplied fluorophores 

to be imaged.  In this experiment, only the top target was utilized, and was filled with 5 

μg/ml of a liquid Protoporphyrin IX/intralipid mixture to ensure perfect coupling at the 

phantom/target interface.  The second lower cylindrical hole target had no fluorescence 

present, but was filled with a homogenous intralipid mixture.  The reconstructed 

fluorescence images are shown overlaid on the corresponding microCT slice without and 

with the spatial hard priors information in (c) and (d) respectively.   

        

 

 

Figure 6-5: An image of the mouse phantom is shown in (a), with an anatomical image 
obtained from the microCT shown in (b) in the plane of fluorescence tomography 
imaging.  The superimposition of the microCT and corresponding fluorescence image is 
shown in (c) with diffuse tomography, and in (d) with the use of spatial prior information 
from the micro-CT scan.  

(c) (d) 

(a) (b) 

Target 
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6.2.4 Automatic Exposure Control Validation 

Following the work performed in sections 9.2.2 and 9.2.3, it was determined that 

an automatic exposure control would be required to obtain high SNR data in-vivo.   The 

approach taken for obtaining AEC was previously described in 3.4.3 Automatic Exposure 

Control, but represented here for convenience.   In short, the AEC was designed to ensure 

that an adequate SNR be maintained for each source position by maintaining the 

fluorescence and transmission intensity within the linear operating range of the PMTs.  

This is achieved by dynamically adjusting the source strength via the position of a 

motorized attenuator in line with the source.  
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(a) 

(b) 
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Figure 6-6: (b) Performance comparison between the “No AEC” and “AEC” results 
obtained at a Pp-IX of 62.5 ng/ml, the previously determined floor of the “No AEC” 
technique.    
 

To assess the improvement gains resulting from the implementation of the 

automatic control technique, a comparison was made between the “AEC” and “No AEC” 

data acquisition methods for a fixed PpIX concentration of 62.5 ng/ml.  This 

concentration was selected as it was previously determined to be the point at which the 

standard control scheme broke down, as indicated in Figure 6-4 (b) and (c).  Below this 

concentration the data was so corrupt that image reconstruction could not be performed.   

Additionally, without the AEC control scheme in place, 1ug/ml was the approximate 

upper bound for imaging in the setup being considered due to data exceeding the linear 

operating range of the PMTs, or even causing PMT saturation to occur.   The specific 

detectability limits are of course a function of the optical properties of the medium, target 

size, and location within the domain.  This analysis was merely designed to provide a 

heads up comparison between the two techniques.  Results are illustrated in Figure 6-6 

(a) where the “No AEC” results are shown alongside that obtained with the “AEC.”  In 

Figure 6-6 (b) the calibrated NIRFAST datasets are shown for both techniques and 

(c) 
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clearly illustrates a breakdown in the SNR, as indicated by the far outlying data points.  

Figure 6-6 (c) then plots the AEC calibrated NIRFAST and the reconstructed fit, or the 

model data in the last iteration of the image reconstruction routine.   One can then extend 

this analysis to compare the linearity between the two approaches.  Specifically, the 

linearity results previously obtained without the AEC, presented in Figure 6-4 (b), can be 

compared with the AEC by repeating the linearity experiment over a larger range of PpIX 

concentrations (10 µg/ml – 0.2µg/ml).  The results are illustrated in Figure 6-7 and 

clearly illustrate that the AEC allows a linear response to be achieved over an additional 

order of magnitude in terms of concentration for this case example.  Here the lower 

linearity bound has been extended beyond what it was previously, though it clearly 

breaks down somewhere between the 0.039 µg/ml and 0.2µg/ml.  It is significant to note 

that the upper bound of this plot could be extended substantially, but was capped at 10 

µg/ml as this is an upper limit regarding the biologically feasible contrast that can be 

obtained in-vivo.  

 



118 

‐2 ‐1.5 ‐1 ‐0.5 0 0.5 1
‐6

‐5.5

‐5

‐4.5

‐4

‐3.5

‐3

 

 

NO AEC
AEC

0.039 µg/ml

log10 (PpIX Concentration (ug/ml))

Lo
g 1

0(
Re

co
ve
re
d 
ηµ

af
)

‐2 ‐1.5 ‐1 ‐0.5 0 0.5 1
‐6

‐5.5

‐5

‐4.5

‐4

‐3.5

‐3

 

 

NO AEC
AEC

0.039 µg/ml

log10 (PpIX Concentration (ug/ml))

Lo
g 1

0(
Re

co
ve
re
d 
ηµ

af
)

 

Figure 6-7: Response linearity comparison between the “AEC” and “No AEC” 
approaches to data acquisition.  
 

This analysis clearly illustrates the feasibility of using the automatic exposure 

control routine and highlights the linear response of the FT system.  It can also be 

suggested that this response curve could serve as a calibration for recovering PpIX 

concentration from future imaging studies.  The feasibility of this approach has been 

explored in the animal imaging section of this thesis.  

6.2.5 “In-vivo Calibration”  

The data calibration approach taken by the majority of fluorescence tomography 

investigators does not incorporate difference imaging, but rather uses the transmission 

data to estimate filter bleed signals [36], as detailed in 4.3.4 In-vivo Calibration.  Though 

this approach does not require a pre-contrast image, it does substantially limit the 

detectability.  This is due to the fact that mitigating tissue autofluorescence is truly one of 
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the largest performance limiting bottlenecks in fluorescence tomographic imaging. Here, 

to illustrate the drawbacks to this data calibration approach, the previous AEC linearity 

data presented in the previous section was recalibrated using the “in-vivo” calibration 

technique and the response linearity compared to that of the AEC data (Figure 6-7) as 

well as simulation data with noise characteristics representative of the system.    

 

 

Figure 6-8: Representative images produced using the in-vivo calibration technique 
previously described.  
 

 Image results are presented in Figure 6-8 and clearly illustrate a breakdown in 

performance beginning at approximately 0.63 µg/ml and transforming into ring artifacts 

with decreasing PpIX concentration. This breakdown clearly translates into a deviation 

from linearity that worsens with decreases in PpIX concentration as shown in Figure 6-9.  

Here, the “simulated” and “difference” quantification results are in close accordance, 

again reconfirming the previously determined effective system noise.  Inspection of this 
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plot also confirms the ability to quantify the recovered ηµaf is substandard using the IVC 

technique. This effect would be compounded by reductions in target size, irregular 

geometries, and intrinsic optical property changes unaccounted for – such as what might 

be expected using a CCD based approach and the sequential acquisition of fluorescence 

and transmission data.    

 

Figure 6-9: A comprehensive comparison of images generated (1) simulated data with 
appropriate amount of system noise (2) the difference calibration technique and (3) the 

in-vivo calibration routine.  

 

6.3 Skin Fluorescence 

Gibbs  has previously demonstrated that ALA induced PpIX fluorescence 

accumulates in the mouse skin and can present an additional challenging in resolving 

fluorescence signals from deep seated  tumors [13].  Using these results as a guide, 

simulations were performed to assess the impact of skin fluorescence in recovering 

tomographic images.  Forward simulations were performed using an 8000 node mesh 
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with the optical property values previously presented.  To simulate animal skin, a 250 µm 

region was added around the boundary of the mesh, and assigned a fixed PpIX 

concentration corresponding to 500ng/ml (µaf = 0.001 mm-1).  Meshes were generated for 

various target sizes (10mm, 4mm, 2mm, and 1mm) and 40 target-to-skin fluorescence 

contrasts within the range of 20-0 corresponding to µaf values of 0.0205 – 0.010.       

 
Figure 6-10: Image results examining the impact of animal skin fluorescence on the 

ability to recover tomographic images.  
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Figure 6-11: A plot of the error in recovered fluorescence yield as a function of animal 
skin-to-target contrast for target diameters of 10mm, 4mm, 2mm, and 1mm.  Here, the 
resultant ηµaf values were computed by computing the average ηµaf in the true ROI, as 

defined by a region label when creating each mesh.   
 

Representative image results are illustrated in Figure 6-10 for select target-to-skin 

fluorescence contrasts of 2, 5, and 10.  Here, target sizes of 10mm, 4mm, 2mm, and 1mm 

are also shown to convey the impact of target size when skin fluorescence is present.  For 

a benchmark comparison, one can compare these results to Figure 6-2 which illustrates 

image results for similar sizes and target-to-background contrasts.  In comparing these 

figures it is clear that the minimum detectability is comparable for higher contrasts (>5) 

as ~2mm is the detectability floor in both scenarios. A plot of the error in recovered 

fluorescence yield as a function of contrast is then shown in Figure 6-11.  Here, the 

resultant ηµaf images were computed by taking the average value in the ROI.  For 

comparison, it is interesting to compare these results to that of Figure 6-3, the 

quantification study where skin fluorescence was not considered, and the target-to-

background contrast was adjusted.  Upon inspection it is clear that the skin fluorescence 
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study has an error response that is significantly more flat than the previous study and 

appears representative of the error at higher contrasts.  This is likely due to the fact that a 

non-unique solution exists and the reconstruction is converging upon a solution that 

distributes the fluorescence due to the skin equally over the entire spatial distribution of 

fluorescence.  

6.4 Animal Imaging  

6.4.1 Overview  
Initial animal imaging feasibility studies were conducted on two mice bearing 

glioma tumors and by imaging the endogenous fluorescence using the microCT-FT 

system.  The experiments were conducted with and without the automatic exposure 

control implemented, and in both cases the fluorescence from Protoporphyrin IX acquired 

with a SNR sufficient for image reconstruction, as supported by contrast enhanced MRI 

images.  The concluding section of this thesis illustrates the first successful 

demonstration of in-vivo endogenous fluorescence imaging and further validates the 

system performance. 

Mouse brain imaging was strategically selected for the in-vivo imaging work for 

two reasons:  

1. The nearly circular geometry associated with the mouse head in conjunction with 

the low absorption and scattering properties in this region greatly simplifies the 

constraints imposed on the data acquisition system, ultimately allowing data to be 

collected with a high SNR. 
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2. U251 Glioma brain tumors have previously been an area of investigation by our 

group at Dartmouth [13], allowing a well understood model to be used in the 

study.   

6.4.2 ALA Induced PpIX Fluorescence  

Glioma brain tumors have recently been demonstrated to provide significant 

endogenous fluorescence from Protoporphyrin IX (PpIX) [73-76] following 

administration of aminolevulinic acid (ALA).  This endogenous production process is 

known to stem from administered ALA bypassing the regulatory inhibition of ALA 

synthase, allowing the heme synthesis pathway to proceed largely uninhibited to the point 

of chelating iron into the PpIX molecule, which produces heme.  Since there is limited 

supply of iron in the body, this process is limited to producing an overabundance of 

PpIX, and many inflamed tissues as well as tumors have high yields.  Early studies have 

shown that detection of these tumors with PpIX is feasible, but tomographic imaging of 

them has not yet been reported [77, 78]. This lack of development has largely been 

related to instrumentation issues such as wavelength filtering or poor data quality that can 

be attributed to sparse or noisy datasets introduced through fiber coupling to the tissue.  

Additionally, Pp-IX is a very low yield fluorophore (0.5%)[79], resulting in a low signal 

intensity which is compounded by background fluorescence from the skin limiting 

sensitivity to deeper structures.   In the system developed and used in this thesis, the 

sensitivity is maximized through the use single photon counting instrumentation that 

provides a dynamic range of 100,000 – 2-3 orders of magnitude more sensitive than other 

state of the art systems.   
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6.4.3 Tumor Model and Animal Protocol  

The animal model was the U251 xenograft glioma line, grown in the laboratory 

for ongoing detection studies[77, 78].  Briefly 106 cells were stereotactically implanted 

into the brain in 10 µL of phosphate buffered saline through a Hamilton syringe, inserted 

through a 1 mm hole in the skull.  Tumors were implanted 2mm deep into the brain with 

injection over a 5 minute period.  The full procedure of animal handling was approved by 

the local animal care and use committee.  The tumor model has previously been 

characterized through extensively studies.  Representative ex vivo images of the tumors 

are shown in previous studies with ex vivo fluorescence measurements[77, 78].  It is 

significant to note that tumor implantation with this model has nearly perfect take, and 

has been shown to have high fluorescence from PpIX.  Post injection the tumors were 

incubated for 14 days prior to the imaging experiments being conducted.   

  

Figure 6-12: In (a), the anesthetized animal is shown prior to being imaged with the 
microCT system.  Following CT imaging, the animal is simply detached from the 
microCT’s linear stage and transferred to the fluorescence tomography system (b).   

 

6.4.4 Animal Imaging Experimental Setup  

 The FT system, shown in Figure 3-1 and comprehensively detailed in Chapter 3, 

allows x-ray structural and optical functional imaging to be obtained sequentially.  Users 
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begin by placing animals in a GE eXplore Locus SP scanner (GE Healthcare, London ON 

Canada), as shown in Figure 6-12 (a).  This system is characterized by having a 94 

micron detector resolution along with variable x-ray tube voltage (nominally 80kV peak 

voltage), and a fixed tube current of 450 µA.  Datasets were acquired at an exposure time 

of 100 ms and with 3 measurements being averaged at each of the 400 gantry angles, for 

a total acquisition time of 11 minutes. The mouse bed to hold the animal was the original 

microCT carbon fiber bed supplied by GE, but modified to include a slot to allow optical 

tomography laterally across the cranium of the animal.  The animal was immobilized 

throughout the procedure and 1.5% isoflurane was used for inhaled anesthesia throughout 

the study.   

Following microCT data acquisition, the animal and bed were then positioned in 

the fluorescence tomography system where pre-contrast datasets were acquired for the 

two animals.  The specific scan parameters used for each animal mare as follows:  

• Subject 1 - No AEC - A 32 angle scan was used along with an integration time of 

4 seconds per angle, for a total acquisition time of 10 minutes.  Because there was 

no means of controlling SNR, only 50% of the total measurements were useful at 

all.    

• Subject 2 – AEC – A 32 angle scan was used with a fixed PMT integration time of 

1 second and the automatic exposure control routine active.    Here 87.5% of the 

total measurements collected could be used in the reconstruction.  It is significant 

to note that the measurements removed from the dataset were deemed 

unacceptable only because the source position or the detector itself intersected the 

mouse bed.  
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Following administration of 5-ALA and a 1 hour incubation period, a post contrast 

dataset was generated by re-imaging the animal with same experimental parameters.  The 

external boundary representing the cranium slide in the 2-D region of interest was then 

segmented using Mimics (Materialise Inc., Ann Arbor MI), a commercially available 

medical image processing software, and used to create a NIRFAST [80] compatible finite 

element mesh for fluorescence tomography reconstruction. The contour information from 

the microCT also allows the source & detector locations for the tomography system to be 

calculated and placed virtually on mesh in an automated fashion, as highlighted in 4.2 

Finite-Element Mesh Creation.  

6.4.5 Animal Imaging Results  

Contrast enhanced MRI was used to isolate promising imaging subjects and to 

assess the size and location of the tumor.  Gadolinium enhanced T1 weighted images 

through the tumor plane are shown for Subject 1 (Figure 6-13 (a)) and Subject 2 (Figure 

6-14 (a)), and serve as the “true location” of the tumor for this work.  In both cases the 

arrow in the figure denotes the area of contrast enhancement from the tumor vasculature.  

Following data collection with the FT system:  

• Subject 1 – No AEC -  The calibrated data was reconstructed to create the 

fluorescence image in Figure 6-13 (b) which was then superimposed on 

the microCT image (Figure 6-13 (c)) to create a hybrid structural 

functional image of the endogenous fluorescence contrast.   

• Subject 2 – AEC – The FT data is again superimposed on the microCT 

image in Figure 6-14 (c).  In this case, following imaging, the animal was 

sacrificed and the brain was excised, allowing an ex-vivo image to be 
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produced by a raster scanning planar reflectance based imaging system.  

Additional details regarding the ex-vivo imaging can be found below.    

 

Figure 6-13: An animal imaged without the AEC.  Here, the T1 gadolinium enhanced 
MRI is shown (a), followed by the stand alone fluorescence tomography reconstruction 
(b), and the final overlay on the microCT image (c).  Here, a significant fraction of the 

total data collected was deemed unusable for reconstruction due to poor SNR.  
 

 

Figure 6-14: A set of in-vivo images are shown where (a) is a T1 weighted gadolinium 
enhanced MRI illustrating the true position of the lesion.  By incorporating only the 
contour information obtained by a GE eXplore Locus microCT, the FMT reconstruction 
is performed and finally superimposed on the microCT image (c). Following imaging, the 
animal is sacrificed, the brain is excised, and imaged using a raster scanning planar 
reflectance based imaging system for ex-vivo quantification (b).   

 

In both of these case examples the microCT images did not show any evidence of 

the tumor.  This was also confirmed through extensive prior studies where Fenestra VC, 

an injected iodinated contrast agent, was used to assess the feasibility of visualizing 

(a) (b) (c) 

(a) (b) (c) 
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intracranial glioma tumors with microCT.  The spatial distribution of fluorescence yield 

was however robust in both examples and indicates an effective Pp-IX concentration of 

approximately 10 µg/ml and 6.87 µg/ml for the two lesions respectively.  These values 

were reached by first generating a calibration curve to relate PpIX concentration to ηµaf 

images.  This can be achieved using the previous dilution data (Figure 6-3) and by 

performing a linear fit to generate the equation shown in Eq. 6-3: 

ηµaf = 9.2E-5 (PpIX concentration) – 6.06E-6 Eq. 6-3 

  In solving this equation for PPIX concentration and by substituting values for ηµaf from 

the recovered images, concentration can be estimated with reasonable accuracy.  
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Figure 6-15: A linear fit from a previously collected serial dilution experiment was used 
to calibrate the recovered fluorescence yield produced in resultant tomographic images 
and the concentration of Protoporphyrin IX.     
 
 A similar approach can be taken in estimating ex-vivo PpIX concentration in the 

brain.  Ex-vivo slices for the Subject 2 are shown in Figure 6-16 (a).  On the left portion 

of this image the lesion within the slice of interest is denoted by the arrow while a PpIX 

serial dilution (10 µg/ml, 5 µg/ml, and 1 µg/ml) is shown on the right.    The grayscale 
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intensities in the PpIX dilution were extracted and used to generate a calibration between 

the Typhoon scanner’s grayscale intensity and fluorescence intensity: 

Grayscale Intensity = 1095 (PpIX Concentration)+ 2536 Eq. 6-4 

 

  
Figure 6-16: On the left side of (a) the ex-vivo sections of the brain are shown in four 
slices. The grayscale intensities from the three drops of PpIX shown on the right side of 
(a) were extracted and used to generate (b), a calibration between the Typhoon scanner’s 
grayscale intensity and fluorescence intensity.  
 

By solving this equation for PpIX Concentration and by substituting the grayscale 

intensity values from the ex-vivo slices of the mouse brain, PpIX fluorescence can be 

estimated.  Using this approach it was determined that the average values in the lesion 

and background were 6.87 µg/ml and 2.23 µg/ml for the ex-vivo, whereas the average 

values for tomography were determined to be 6.96 µg/ml and 2.74 µg/ml.  These results 

are highlighted in Table 6-2 below. 

 

Table 6-2: Quantitative summary of the recovered Pp-IX fluorescence resulting from in-
vivo and ex-vivo experimentation of the animal depicted in Figure 6-14. 

 

(a)  (b)
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 Fluorescence 
Tomography Ex-vivo 

Glioma Target 6.96 ug/ml 
 

6.87 ug/ml 
 

Background 2.74 ug/ml 2.23 ug/ml 

 

 It is significant to note that ex-vivo quantification was not performed for Subject 

1, as this data was not available for this animal.  If it were available, one would of course 

expect it to illustrate an greater error as the AEC was not employed here, resulting in a 

dataset with inferior SNR as compared to that with the AEC.  

6.4.6 Animal Imaging Conclusions 

This experiment presents initial evidence that non-invasive tomography of tumors 

with fluorescence from PpIX can be achieved, with non-contact based near-infrared 

signal measurement.  The most important factor in being able to achieve this imaging 

capability was the use of single photon counting and an automatic exposure control, 

which allowed high SNR data to be obtained within a reasonable time frame.  Another 

important factor was the use of fluorescence to transmission ratio data that was acquired 

concurrently.  This ratio data is resistant to many calibration errors due to distance 

inaccuracy, tissue heterogeneity, and optical property changes due to drug 

uptake/washout and so provides a robust signal with which to image.  Additionally, the 

use of the exterior boundary provided by the microCT images allows virtual sources and 

detectors to be placed high accuracy.  The fluorescence tomography is also able to 

provide functional information to the microCT data, as x-ray imaging is unable to image 

soft tissue volumes effectively.  
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Though encouraging, the animal studies presented in thesis were merely a pilot 

study designed to assess the feasibility of imaging cancer in small animals with the 

system.  Though initially successful, there are several unknowns resulting from this 

study, primarily around the ability to non-invasively quantify fluorophore concentration, 

as it is in no way suggested that the quantification results are representative of the 

system’s ability to quantify fluorophore concentration in-vivo.   A more rigorous, and 

potentially accurate approach to quantification can be suggested based on the analysis 

presented in 6.1 Image Analysis – Contrast Detail Characterization (Figure 6-3)  

Specifically, one might argue that by performing a dilution experiment for several sizes, a 

more comprehensive concentration calibration could be created.  In using the tumor size 

information obtained from MRI, instead of the FWHM from FT, one might then more 

accurately quantify fluorophore concentration non-invasively, and perhaps even track 

response to therapy as tumor volume changes over time.   
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Chapter 7 Conclusions and Future Directions 

7.1 Concluding Remarks 

In summary, a fluorescence tomography system designed to interface with a 

microCT was developed for small animal molecular imaging.  The system is fully non-

contact and utilizes a single source with a fan beam of detectors that rotates around the 

surface of the specimen using a rotating gantry.  To achieve this without damaging the 

fibers, the source and detection fibers are housed in an energy chain that controls the 

wrapping of the optical fibers around the gantry’s bore.  Five optical channels, C1-C5, 

use focalized detection to collect the diffuse transmission of excitation and fluorescence 

signals at the surface of the specimen.  A modified GE eXplore Locus micro-Computed 

Tomography (microCT) animal bed is fully compatible between the two systems, and  

LabVIEW based control allows for automatic and optimized FT data acquisition and co-

registration between systems.  

Using this instrumentation and by concurrently acquiring the fluorescence & 

transmission data and utilizing an automatic exposure technique it was found that the 

effective system noise could be reduced to 7.5% and the system dynamic range could be 

extended to 100,000.  Imaging response was found to be linear, and the automatic 

exposure control routine was able extend imaging to lower concentrations.  Because 

saturation events could be avoided using the AEC higher contrasts could be imaged as 

well, thereby extending the range of concentrations that could be imaged by an order of 

magnitude.  In a final investigation an initial animal imaging pilot study was conducted, 
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and presents initial evidence that non-invasive tomography of tumors with fluorescence 

from PpIX can be achieved. 

7.2 Future Directions 

Given the successful demonstration of the system to date there are several logical 

future research directions one might take with the system:  

• Acquisition Speed Optimization – The data acquisition portion of the 

software is configured to allow users to acquire datasets with 32 source 

positions corresponding to 160 measurements.  In the current 

configuration, it takes 10 minutes to collect a single slice dataset with the 

AEC being utilized at each of the 32 source positions, but it is projected 

that the acquisition time for a single slice could possibly be reduced to 4 

minutes and 30 seconds through a series of optimizations and 

improvements including: Optimized Gantry Homing & Positioning, 

Reduced PMT Integration Time, Optimized Automatic Exposure Control.  

Details regarding these improvements are detailed in section 3.4.4 Data 

Acquisition.  

• DCC Card Programming – Currently, it is possible for a DCC card 

(controls PMT gain) crash to occur, or a PMT saturation event to occur, 

both of which could corrupt a dataset.  At this point LabVIEW control of 

these devices is not possible.  With the LabVIEW control a problematic 

event could be detected and then corrected automatically by reactivating 

the PMT experiencing the error.  To achieve this LabVIEW VIs would 

have to be constructed from the C DLL files that are provided with the 
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software.  Without a clear programming manual this would require B&H 

support for this aspect of development.  

• 3D Imaging – Currently, it is only possible to “automatically” acquire 2D 

slices of an animal.  To allow 3D data to be achieved, manual positioning 

could be achieved using the linear stage positioning information of 475 

counts per mm and by then collecting 2D datasets at each location.  The 

corresponding microCT slices could be determined given the voxel size 

(typically 0.093593 mm) and by then calculating the slice number in the 

microCT stack.    

• Spectral Imaging – The Sepia-828 laser diode driver will support up to 8 

pulsed diode lasers.  By incorporating additional laser diodes and by 

adding a fiber switch one could easily transform the current system into a 

multispectral imaging system.  The only non-trivial design challenge lies 

in the incorporation of the appropriate filter slides for proper wavelength 

filtering.  In the current configuration, the system only supports two filters 

per slide.  It would however be possible to use an extremely long slide that 

would support up to 8 fluorescence filters, but the system enclosure would 

have to be modified to permit this.  Additionally, the MDrive motors 

would have to be reprogrammed to support the changes.  If this is done, it 

is important to note that separate “Scaling Factors” will have to be 

determined for each wavelength, due the non-uniform quantum yield 

associated with changes in the photon wavelength striking the PMTs 

photocathode.    
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• A-Priori Information – A clear next step in enhancing the resultant 

images involves incorporating a-priori information into the diffuse 

tomography reconstruction problem [28, 38, 39, 40-42, 43].  This is 

however non-trivial in microCT as most soft tissue tumors cannot be 

visualized, even when contrast agents are used.  One could however 

envision segmenting organs with soft priors to reduce the ill-posedness of 

the reconstruction problem.  For example, in the mouse head imaging 

previously presented, it could be suggested that soft priors could be 

applied to the brain region to allow improved localization and 

quantification to be realized.  

• Additional Animal Studies – The animal studies presented in thesis were 

merely a pilot study designed to assess the feasibility of imaging cancer in 

small animals with the system.  Thought successful, there are several 

unknowns resulting from this study, primarily around the ability to non-

invasively quantify fluorophore concentration.  To more accurately 

quantify imaging results, the analysis presented in 6.1 Image Analysis – 

Contrast Detail Characterization (Figure 6-3), suggest that a more 

comprehensive characterization is necessary to accurately quantify 

fluorophore concentration.  Specifically, by performing a dilution 

experiment for several sizes, one could create a more comprehensive 

concentration calibration.  In using the tumor size information obtained 

from MRI, one could perhaps more accurately quantify concentration non-



137 

invasively, and perhaps even track response to therapy as tumor volume 

changes over time.  
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Appendix A – Motor Control 

 
 

The motors used in the FT system are manufactured by Intelligent Motion 

Systems, Inc. They each come equipped with an onboard microcontroller and a USB-to-

RS422 interface, allowing up to 64 motors to be addressed and controlled through a 

single USB port.  Each motor comes equipped with digital inputs and one analog input. 

Mechanical limit switches connected to the digital input lines are used for homing for 

each of the four motors.  The address and models of the motors used in the FT system are 

outlined in Table A. 1 and specifics regarding the number of counts per mm and counts 

per degree are highlighted in Table A. 2.   

Table A. 1 – The IMS motor models used as well as their corresponding address in party 
mode operation.  Address information will be required to reset each motor if 
reprogramming is to take place. 
 

Subsystem IMS Model Address 

FL Filter Slide MDrive 23 Plus a 

TR Filter Slide MDrive 23 Plus  b 

Gantry MDrive 34 Plus c 

Linear Stage MDrive 23 Plus d 
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Table A. 2 – Following calibration of the gantry and linear stage, the number of counts 
per degree of motion and linear translation were  determined.  
 

Subsystem Positioning Information 

Gantry 1943 Counts per degree 

Linear Stage 475 Counts per mm 

 

Initialization12 

There are a couple of important things to note when programming the motors. The 

starting address of a motor program is critical.  If the addressing is not done properly, the 

motor will return errors.  When more than one program is downloaded to a motor, the 

starting address of the second program (set with the PG command) must exceed the 

address of the last line of the previous program.  Additionally, each program must have a 

new line at the end of it.  

Detailed instruction manuals for programming the motors and the IMS terminal 

software can be found at www.imshome.com.  

“Party Mode” Operation  

 The MDrive “Party Mode” feature allows multiple motors to be addressed over a 

common USB port.  The procedure for setting up the “Party Mode” is as follows:  

1. Plug in ONLY one motor and download the desired program.  

2. Type dn = “a” and hit enter (This can be any character.  It is case sensitive.  The 

default is “!”). 

3. Type py = 1 and hit enter 

                                                 
12 Instructions for IMS motor initialization and Party Mode programming were prepared by Josiah Gruber.  
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4. Press cntrl + j 

5. Type “as” and press control + j again. (Note: “as” is not a command.  “S” is the 

command to save the settings on the motor.  “a” is the address of the motor as set 

up in Step 2).  

6. Power down.  

7. Unplug the first motor, plug in the second motor, and download programs.   

8. Type dn = “b” and hit enter.  

9. Type py = 1 and hit enter 

10. Press cntrl + j 

11. Type “bs” and press cntrl + j.  

12. Power down and repeat steps 7-11 as necessary for additional motors.  

Once programs are downloaded to the motors and the party mode is set, it does not 

need to be done again after a power down/up. In order to communicate with the motors 

each command needs to be preceded by a cntrl + j and the address of the motor.  For 

instance, to execute a command that moves the second motor 10,000 steps, press cntrl + j 

and enter “bmr 10000” as the command, and then type cntrl + j.  Note: no change has 

been made to the motor control programs in the microcontroller’s ROM, but a single 

motion sequence will have been executed.  When implementing this in LabVIEW, the 

commands need to be changed into ASCII before it can be sent to the port.  The cntrl + j 

is a new line constant and can be easily represented by a “\n.” 

In   the event that the motors are not responding, use the IMS Terminal software 

to reset them.  Plug in motor “a” and press cntrl + j. Type “afd” and press cntrl + j again 

to reset the motor to the factory default settings.   



141 

Source Code  

Source code necessary for programming the filter slides, linear stage, and gantry can be 
found in the following pages. 
 
 
Calibrate Filter Slides 
Ee = 1 ' Enable encoder mode 
Vm = 1000         ' Set max velocity 
Hc = 35        ' Define hold current - 35% 
Rc = 35        ' Define run current - 35% 
 
PG 1            'Set starting address of the program 
LB J1         'Label for the file 
Hc = 0 ' Define hold current 0% to release slides via spring action 
H 500 ' Wait 500ms before continuing program execution 
Vm = 1000 ' Set max velocity 
Hc = 35 ' Define hold current so that spring action does not return slides 
S1 = 16, 1 'S1 set to general purpose output 
S3 0, 1, 0    'I3 set to general purpose input 
S4 0, 1, 0  'I4 set to general purpose input 
O1 = 0 'Set to S1 output low – to interface with LabVIEW 
H 100           'Hold for 100 units 
LB ca           'Label for the for loop 
MR -10          'Move counterclockwise 10 units 
H               'Hold until the motion is done 
BR ca, I4 <> 1  'Loop until I4 = 1 - until the first limit switch engages 
H 500 'Wait 500ms before continuing program execution 
P=0 'Set limit 1 engage position as position 0 
 
LB cb          'Label for the for loop – to move 100 units until another limit engages 
MR 10         'Move clockwise 100 units 
H               'Hold until the motion is done 
BR cb, I3 <> 1  'Loop until I3 = 1 - until the second limit switch engages 
H 'Hold until the motion is done 
'PR P 'Print current position – distance between limit 1 and limit 2 in counts 
 
MR -655         'Position between limits shown to be 1310 counts -move to slide home  
H               'Hold until the motion is done 
P=0 'Define this center position as “slide home” 
O1 = 1 'Set S1 output to high, alerting LabVIEW that motion has completed 
 
E               'End program 
PG 'Exit program mode 
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Move Filter Slides CCW  
 
Ee = 1        ' Enable encoder mode 
Vm = 1000         ' Set max velocity 
Hc = 35         ' Define hold current - 35% 
Rc = 35         ' Define run current - 35% 
PG 117           'Set starting address of the program 
LB F1           'Label for the file 
Vm = 1000         ' Set max velocity 
S1 = 16, 1       'S1 set to general purpose output 
S4 0, 1, 0      'I4 set to general purpose input 
H 100           'Hold for 100 units 
LB fa           'For loop until CCW limit engages 
MR -10          'Move counterclockwise 10 units 
H               'Hold until the motion is done 
BR fa, I4 <> 1  'Loop until S4 = 1 for limit engagement  
H 500 'Hold 500 ms 
Hc = 30         'Set hold current to 30% 
Vm = 100 ' Set max velocity 
MR -200         'Slight adjustment to filter center 
H 'Hold until the motion is done 
O1 = 1 'Set S1 output to high, alerting LabVIEW that motion has completed 
 
E              'End program 
PG              'Exit program mode 
 
Move Filter Slide CW 
 
Ee = 1          ' Enable encoder mode 
Vm = 1000       ' Set max velocity 
Hc = 35         ' Define hold current - 35% 
Rc = 35         ' Define run current - 35% 
 
PG 187           'Set starting address of the program 
LB F2           'Label for the file 
Vm = 1000         ' Set max velocity 
S1 = 16, 1 'S1 set to general purpose output 
S3 0, 1, 0     'I3 set to general purpose input 
H 10           'Hold for 10 units 
LB fb           'Loop until CW limit engages 
MR 10          'Move clockwise 100 units 
H               'Hold until the motion is done 
BR fb, I3 <> 1  'Loop until S3 = 1 for limit engagement 
H 500 'Hold 500 ms 
Hc = 30         'Set hold current to 30% 
Vm = 100 ' Set max velocity 
MR 200         'Slight adjustment to filter center 
H 'Hold until the motion is done 
O1 = 1 'Set S1 output to high, alerting LabVIEW that motion has completed 
 
E            'End program 
PG              'Exit program mode 
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Home Linear Stage 
 
'System Config 
Ms = 256        ' Define ustep res of 51200/rev 
Hc = 70            ' Define hold current - 70 max% 
Rc = 70            ' Define run current - 70 max% 
Vm = 10000   ' Set max velocity in steps/counts per sec 
 
PG 1                ' Defines memory starting location 
LB G1               'Label for the program call 
Vm = 10000  'Set max velocity  
S1 = 1,1           'Set S1 to homing input  
S2 = 0,1           'I4 set to general purpose input 
S3 = 17,0         'S3 active when motor is moving – LabVIEW falling edge trigger  
MA -2000        'Absolute move -2000 
H                       ' Wait for motion to complete 
HM 3               ' Home to Limit 3 corresponding to stage home 
H                      ' Wait for motion to complete 
P=0                 ' Define this as Position 0 
Vm = 6000     ' max velocity in steps/counts per sec 
H ' Wait for motion to complete 
 
E                        'End program 
PG                     'Exit program mode 
 
Gantry Homing Routine 
 
Ms = 256     ' Define ustep res of 51200/rev 
Hc = 60         ' Define hold current - 60 max% 
Rc = 60        ' Define run current - 60 max% 
Vm = 20000     ' Set max velocity in steps/counts per sec 
S3 = 1,1           ' Set Input 3 to Homing 
 
PG 1              ' Defines memory starting location 
LB Re 'Label for the program call 
  S3 = 1, 1      'Set S3 to homing input 
  S4 = 0, 1       'S4 set to general purpose input 
  S1 = 17, 0     'S3 active when motor is moving – LabVIEW falling edge trigger 
  Vm = 20000  ' Inc max velocity 
  MR 20000    ' Relative move 
  H           ' Hold until move has completed 
  MR -30000   ' Relative move 
  H ' Hold until move has completed 
  Vm = 20000   ' Dec velocity for homing 
  HM 1        ' Home to Limit 1 
  H ' Hold until move has completed 
  MR 228      ' Account for beyond 360 rot based on gantry characterization stats 
  H                  ' Wait for motion to complete 
  P = 0            ' Define this as Position 0 
 
E               'End program 
PG            'Exit program mode 
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Appendix A – System User Manual 

 
Appendix B is intended to provide users of the combined microCT-FT system with a 
detailed procedure for system startup including initialization, microCT-FT system co-
registration, data acquisition and calibration, as well as the final image reconstruction.  
 
B.1 System Startup and Initialization  
 
Step 1 -  Load LabVIEW and Project Explorer 
Begin by loading LabVIEW and selecting the MicroCT_FDOT_Project.lvproj file as 
shown in Figure B- 1 (a). This will load the LabVIEW Project Explorer as shown in (b). 
Project Explorer contains provides a user friendly interface for accessing any of the 
LabVIEW VIs or documentation associated with the system software.      
 

  
Figure B- 1: Select the MicroCT_FDOT_Project.lvproj file in the LabVIEW startup 

screen to load the Project Explorer associated with the MicroCT-FT system software.  
 
 
 
 
 

(a)  (b)

Step 2
Step 2 (d)
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Step 2 -  FT System Initialization 
Load the FT system software from the Project Explorer window by selecting 
system_control_v01_01_09.vi. The screen shown Figure B- 2 in should appear.  The 
software initialization consists of the following steps: time stamped folder creation, 
attenuator homing, filter slide calibration, SPCM initialization verification, DCC 
initialization, and finally a test to verify the system has been initialized properly.  
 
NOTE:  The setup should be completed in the order shown.  
 

 
Figure B- 2: A screen shot of the setup portion of the FT system’s control software. 
 

Step 2 (a) -  Create Folder  
The first step in FT system initialization is the creation of a time stamped folder of which 
data collected on a given day will be saved.  A screen shot of this piece of the software is 
shown above in Figure B- 2.   
 
NOTE: FT system data is saved in:  
 C:\Documents and Settings\Dax\My Documents\Labview Data 
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Step 2 (b) -  Home Attenuator 
Each time the system is powered up the motorized attenuator must be homed to the zero 
position.  In homing, this routine communicates with the motorized attenuator’s optical 
position encoder in a closed loop fashion.  Homing ensures that the device will be 
applying the appropriate amount of attenuation to the source during a scan.  Failing to 
home the attenuator will likely result in data corruption as the scaling of the source 
strength will be inaccurate for the automatic exposure control.  
 
A screen shot illustrating the steps that must be taken in performing this portion of the 
setup is shown in Figure B- 3. This step need be completed only the first time the 
software is started as the system software currently exhibits a slight glitch in 
communicating with the attenuator ONLY following startup.  To combat this the 
LabVIEW control program must simply be started and a command for the attenuator 
positioning engaged. By simply stopping and then restarting the LabVIEW control 
software the attenuator will function properly. A specific set of steps are highlighted in 
the user interface as well as Figure B- 3 below.     
 

 
Figure B- 3: The attenuator must only be homed after the FT system has been booted. 
The steps for establishing communication with the attenuator and its subsequent homing 
are detailed above.    
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Step 2 (c) -  Calibrate Filter Slides 
 
The slides housing the fluorescence and transmission filters are controlled by two 
individual motors that are set to “home” to a closed or “blocking” position between the 
other two filter sets, as denoted by the “B” in Figure B- 4.  In the event that the filters are 
not returned to the appropriate “home” position it is possible for the filters to be 
mispositioned during a scan, or the motor damaged by an incorrect position.  The filter 
slide calibration routine sets the “home” position of the slides by moving the slide first to 
the left (until a first limit switch is engaged) and then to the right (until a second switch is 
engaged).  The distance (motor counts) between the first and second switch is recorded 
and used to center the slide and define the “home” or “blocking” position.    
 

1 B 2 1 B 2 1 B 2 1 B 2 1 B 2

CH5 CH4 CH3 CH2 CH1

Limit 1 Limit 2

1 B 2 1 B 2 1 B 2 1 B 2 1 B 2

CH5 CH4 CH3 CH2 CH1

1 B 2 1 B 2 1 B 2 1 B 2 1 B 2

CH5 CH4 CH3 CH2 CH1

Limit 1 Limit 2  
Figure B- 4: An illustration of the filter slide used in the system and the corresponding limit 
switches that engage during a motion used in the positioning or homing of the slides.  
 
A screen shot of the filter slide calibration step is shown in Figure B- 5.  Filter slide 
calibration is straight forward however one should be aware of the following:  

• Be sure that the USB cables in the front of the computer have been plugged in 
following the booting of the SBC as one of the two cables controls the NI-DAQ 
card used to close the loop in positioning the motors.  

• Be certain that the slides are in their home position or very close to it before 
calibrating the slides.  This is very important as damage to the motors or slides 
could result should this precaution not be observed.  

 

 
Figure B- 5: Filter slide calibration is performed for each slide individually and only 
needs to be performed once for each session.  
 
Step 2 (d) -  Initialize SPC 
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To initialize the SPCM cards simply load the SPCM_initialize_June_16_2008.vi file in 
the project explorer as shown in Figure B- 6 (a).  The initialization subroutine will then 
load and configure the settings for the SPC-134 modules as shown in Figure B- 6 (b).  
Proper initialization will be apparent M1-M4 in the “Modules in use” variable at the 
bottom of (b) turn green. Additionally, the Init Flag will return true, allowing the main 
program to detect that this step has been completed properly.  
      

Figure B- 6: Simply selecting the play button will start the initialization routine and will 
configure the settings of the SPC-134 card, as shown in (b).  
 
In the event the SPCM initialization routine has been activated, but then stopped and 
reinitialized, an error to occur during reinitialization as illustrated in Figure B- 7 (b).  
   

 
Figure B- 7: Should SPCM not initialize properly an error message will be displayed. 
 

(a)  (b)
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NOTE: To combat an SPCM initialization LabVIEW should be shut down completely 
and the B&H SPCM software should be loaded.  The error is a result of a communication 
issue whereby the SPC modules are not properly shut down during a software close or 
crash.  Opening and closing the B&H software allows control of these devices to be 
reestablished and subsequently deactivated properly so that LabVIEW can once again 
communicate with the devices. 
 
Following the previous steps, initialization should be confirmed by the main control 
program, as shown below.    
 

 
Figure B- 8: Initialization of the SPC-134 modules are confirmed through he main 
control software.  
 
 
Step 2 (e) -  Initialize DCC 
 
The 6 PCI-based DCC-100 cards used in the SPC system function as the power supplies 
controlling the gain of the 11 PMTs.  These cards must be initialized and controlled using 
the manufacturer supplied software, as they provide software protection against PMT 
overload and the subsequent damage in the event saturation occurs.  A screenshot of the 
LabVIEW instructions for initializing the DCC cards is shown in Figure B- 9.  
Screenshots for the individual steps are highlighted in the followings figures and 
captions.   
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Figure B- 9: Steps for DCC card initialization through the B&H provided software. 

 

 
Figure B- 10: Step 1 and Step 1A activate the DCC modules 1-4. 

 

 
Figure B- 11: Step 1B and 1C - load dcc_set1_final.set for modules 1-4. 
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Figure B- 12: Step 2 and 2A – load DCC modules 5 and 6 in a separate window. 

 

 
Figure B- 13: Step 2B and 2C – load dcc_set2_final.set for the modules 5 and 6. 

 

AB AB
 

Figure B- 14: Step 3 – Enable DCC cards.  NOTE: Each card must be enabled (A).  To 
switch between cards in a given set e.g. modules 1-4 or modules 5-6, select (B) for a drop 
down menu of available cards.  This must be performed for each card individually.  It is 
typical to enable and disable the cards between scans to avoid saturation.  
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Step 2 (f) -  SPCM/DCC Test 
 
The final step in the calibration routine entails verifying the proper setup of the other 
components.  To this end, if the setup is completed properly a single reference TPSF will 
be acquired and displayed as a final verification, as shown in Figure B- 15.   
 

 

 
 

 

Figure B- 15: (a) A screenshot of the final step in the FT system setup.  If successful, the 
LEDs associated with success of each stage in the setup will turn green, ultimately 
indicating that the system is ready.  
  

(a)  (b)
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B.2 MicroCT-FT System Co-registration  
 
Steps 1 & 2 -  Load MicroCT Fluoro Image and Select ROI 
After acquiring a microCT dataset and before scanning with the FT system, users must 
co-register the position information between the two systems.  This co-registration is 
performed mechanically using a software calibration routine that calculates the 
positioning information of the FT system’s linear stage relative to that of the microCT 
system. After copying the data from the microCT to the FT system, a single x-ray 
projection image is loaded in the FT software and used to select a slice region of interest 
(ROI) for the FT scan, as highlighted in (1) of Figure B- 16.  The ROI selection routine 
(2) is then used to position the FT system’s linear stage and to provide users with the 
slice information of the corresponding micro-CT slice for meshing by allowing users to 
select a specific ROI as shown in Figure B- 17.   
 

2

1

2

1

 
Figure B- 16: After copying the microCT dataset to the FT PC, begin by selecting loading 
slice 66 of the raw x-ray projection data.  
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Figure B- 17: Following Step 2 “Select ROI” the single slice ROI will be overlaid on the 
fluoroscopy image, as shown above.  
 
Step 3 -  Position Stages 
To co-register the position of the microCT with the selected ROI follow the following 
steps as outlined in Figure B- 18:  

1. Home the linear stage.  NOTE: To avoid damage to the equipment, be certain the 
stage has not already been homed.  

2. Outside of LabVIEW, locate the file “BedPosition” within the raw microCT data. 
Open this in wordpad, and paste the stage position into the control box in step 2. 

3. Simply push the “Position Linear Stage” button and the FT system stage will be 
positioned.  

4. Be sure to note the resultant microCT slice for future meshing. 

 

NOTE: For 3D imaging the stage can be initially positioned as described above and then 
incrementally moved for additional slices using the manual positioning at the bottom of 
the screen.  NOTE:  Use 475 counts per mm for linear stage positioning.       
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Figure B- 18: Automated and combined automated and manual positioning of the FT 
system can be achieved for 2D and 3D imaging respectively. 
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B.2 FT System Data Acquisition  
 
The data acquisition portion of the software is configured to allow users to acquire 
datasets with 32 source positions corresponding to 160 measurements.  In the current 
configuration, it takes 10 minutes to collect a single slice dataset with the AEC being 
utilized at each of the 32 source positions.   
 
Step 1 -  Data Acquisition Setup 
Setup for the FDOT scan is depicted in Figure B- 19 and allows users to:  

• Input a filename.  A folder with the input name will then be created and the data 
stored within this in the time stamped directory for the given date.  

• Email alerts can be enabled or disabled. Alerts can be useful when a series of 
experiments are being performed in a dark room.  

• The AEC feature of the software can be enabled or disabled.  
• A delay can be set to allow users to exit a darkroom before a scan begins.  This is 

typically used in conjunction with the email notifications feature.  
 

 
Figure B- 19: The setup for a scan allows users to enter filenames and enable features 
such as email notifications and the AEC control feature. 
 
 
Step 2 -  Filter Slide and Gantry Positioning 
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Figure B- 20 illustrates the control features for manual positioning of the filter slides and 
gantry.  A few things to note include:  

• The location of the gantry home position is shown in the figure below.  Homing 
is automatically done as part of the scanning process, but it is important that the 
initial position of the gantry be in the range 22.5 degrees to 270 degrees.  When 
operating outside of this range it is very likely that the limit switch protecting the 
gantry from over rotation will be tripped.  This safety mechanism cuts power to 
the gantry’s motor and requires it to be manually returned to the desired range in 
order for power to be restored.     

• In positioning the filter slides it is important to be aware of their current location.  
In the event that they have already been positioned for one of the filter sets, it is 
possible to damage the motors if they are positioned again before being homed.  
This event is likely to happen in the event of a system crash, as the slides would 
not home as would typically be the case following a complete data acquisition.  
In the event that a misposition in the slides inadvertently occurs, the power 
supply for the IMS motors should be switched off as quickly as possible.  

NOTE: There are no safety mechanisms to prevent the filter slides from being 
over positioned and extreme caution should be observed to prevent damage to 
this piece of the system.   

 

 
Figure B- 20: The filter slide and gantry positioning tab within the data acquisition 
component of the FT control software.   
 
 

• Currently the fluorescence filter slide contains a set of 650 LP filters and a 2 OD 
ND filter where the transmission slide contains sets of 1 and 2 OD ND filters.  In 
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imaging PP-IX fluorescence the (FL - 650LP) filter slide position is used in 
conjunction with the transmission slide (2 OD) setting.     

• NOTE: When a gantry or filter slide motion is in progress the green indicator 
lights will turn off.  Once a motion is complete, they will again display a green 
ready signal.    

Step 3 -  Data Acquisition  
Following the data acquisition setup and initial positioning of the slides and gantry, a 
single slice data set can be acquired.  Users simply select “Acquire FDOT Data” to begin 
a scan, as shown in Figure B- 21.  The source angle information will be displayed in the 
“Scan Status” indicator at the bottom of the screen, while TPSFs for each position will be 
displayed in the plot indicators for each fluorescence and transmission measurement.  
Once a scan has completed the gantry will return to approximately 35 degrees from its 
home position and the filter slides will return to the home, or blocking position. Intensity 
calibrated datasets will be saved under the “Calibrated” folder for each data set as defined 
in the data acquisition setup.      
 

 
Figure B- 21: The FT system software informs users of the current source position and 
displays data in real time.  
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Appendix B – Linear Stage Calibration 

 
 After acquiring a microCT dataset and before scanning with the FT system, users 

must co-register the position information between the two systems.  This co-registration 

is performed mechanically using a software calibration routine that calculates the 

positioning information of the FT system’s linear stage relative to that of the microCT 

system. Specifically, a single x-ray projection image is loaded in the FT software and 

used to select a slice region of interest (ROI) for the FT scan, as highlighted in Figure 

3-9.  The ROI selection routine is then used to position the FT system’s linear stage and 

to provide users with the slice information of the corresponding micro-CT slice for 

meshing.  The calibration procedure for accurate co-registration between the linear stages 

for the microCT and FT system are as follows:   

 
1) An alignment jig containing two 1mm pinholes (Figure C- 1) was fixed to the 

FT system’s linear stage.  The number of counts from the stage’s home 

position to the location of the laser source was then determined for both 

pinholes.     

 

Figure C- 1: The alignment tool containing a two 1mm pinholes used in calibrating the 
home positions of the stages for the FT and microCT systems.  

1mm Pinholes

(Front) 
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2) Using the fluoroscopy (ROI Selection) feature of the microCT system, the 

pinhole’s location was determined at the far left and the far right of the ROI 

field-of-view (FOV).  This is highlighted in Figure C- 2, where (1) and (2) 

illustrate the position of the pinhole within the FOV for the first and second 

microCT scans respectively.  The total distance between the pinholes was 

determined to be 42.505 mm and this was used to calculate the microCT 

center position of 153.981 and the corresponding linear stage counts.   

microCT Fluoroscopy Images

1

2

microCT Fluoroscopy Images

1

2

 
Figure C- 2: The position of the pinhole jig for two microCT fluoroscopy images 
obtained with the jig at the far left (1) and right (2) of the FOV. This distance was used to 
determine the microCT center position and to establish a relationship with the FT system.   
 

3) Using the data points obtained in steps 1) and 2),  Table C- 1 was constructed, 

which outlines the experimentally determined and calculated positions of the 

FT and microCT stage  at various locations within the FOV.     

Table C- 1: Location information utilized in calibrating the microCT bed with respect to 
the FT system.  Those numbers contained within parenthesis denote experimentally 
recorded values, whereas the others were calculated.    
 

FT Stage Position (Counts) CT Stage Position (mm) 

(50,507) 132.731 

60,600 (153.981) 
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(70,696) 175.236 

 

Finally, the data in Table 1 was used to create a calibration plot to relate the 

microCT stage position to the FT Stage position, as shown in Figure C- 3. 
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Figure C- 3: A plot of the microCT stage position as a function of the FT Stage position.  
A line was fit to this plot and establishes a relationship between the center point within 
the FOV for each of the two systems.  
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Appendix C – Meshing Source Code 

D.1. Source Code for Meshing MicroCT Images13 

%========================================== 
% This script converts BITMAP masks into a 2D mesh  
%========================================== 
 
%========================================== 
%Parameters of Interest  
%========================================== 
num_nodes = 2000;  
meshname = 'Glioma_Mouse_2000'; 
 
%========================================== 
%Segment Head  
%========================================== 
img = dicomread('export-0050.dcm'); 
dim = size(img);  
%bkg = load('Body.txt'); 
seg = imread('Mimics_Slice_Background.bmp');   % INSERT FIRST REGION FILENAME 
J = rgb2gray(seg); 
[x,y] = find(J == 184); 
for i = 1:1:length(x) 
    img(x(i),y(i)) = 4096; 
end  
imshow(seg);  
level = graythresh(seg); 
z = im2bw(seg,level) 
imshow(z); 
f = imresize(z,1); 
figure; imshow(f);  
clear x y x2 y2 img seg  
 
%========================================== 
%  Segment Skull  
%========================================== 
img = dicomread('export-0050.dcm'); 
dim = size(img);  
seg = imread('Mimics_Slice_Skull.bmp');   %INSERT SECOND REGION FILENAME 
J = rgb2gray(seg); 
[x,y] = find(J == 235); 
sizey = size(J);  
img2(1:sizey(1),1:sizey(2)) = 1  
for i = 1:1:length(x) 

                                                 
13 This code has been modified from a tool created by Ben Brooksby for segmenting and meshing MRI 
images.  Most specifically, the changes allow Mimics masks to be used for improved segmentation.  The 
code is intended to be used with GE microCT images acquired at a 93um resolution, though modifications 
could be made to allow any voxel size to be used.  Mesh generation was achieved using the legacy 
img2mesh software routine.  
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    img2(x(i),y(i)) = 2; 
end  
figure;  
level = graythresh(J); 
z1 = im2bw(J,level) 
imshow(z1); 
f1 = imresize(z1,1); 
figure; imshow(f1);  
 
 
%========================================== 
%  Segment Brain  
%========================================== 
img = dicomread('export-0050.dcm'); 
dim = size(img);  
seg = imread('Mimics_Slice_Brain.bmp');     %INSERT THIRD REGION FILENAME 
J = rgb2gray(seg); 
[x,y] = find(J == 85); 
sizey = size(J);  
img2(1:sizey(1),1:sizey(2)) = 1  
for i = 1:1:length(x) 
    img2(x(i),y(i)) = 2; 
end  
figure;  
level = graythresh(J); 
z1 = im2bw(J,level) 
imshow(z1); 
f2 = imresize(z1,1); 
figure; imshow(f2);  
 
%========================================== 
%Add the masks and display.  
%========================================== 
z_final =  f +f1+f2; 
max(z_final) 
figure; imshow(z_final,[0 3])  %display regions.  
mesh_fn = 'Attempt';  
 
%========================================== 
% save homogeneous mask  
%========================================== 
mask_hom = f; 
mask_size = size(mask_hom);  
mask_hom(find(mask_hom ~= 0)) = 1; 
fid = fopen([mesh_fn '.mask'],'w'); 
foo = reshape(mask_hom,mask_size(1)*mask_size(2),1); 
fwrite(fid,foo','uint8'); 
fclose(fid); 
 
%========================================== 
% save img2mesh input file  
%========================================== 
fid = fopen('img2mesh.input','w'); 
fprintf(fid,'%s\n',[mesh_fn '.mask']); 
fprintf(fid,'%s\n',[num2str(mask_size(1)) ' ' num2str(mask_size(2))]); 
fprintf(fid,'%s\n',mesh_fn); 
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fprintf(fid,'%s\n',num2str(num_nodes)); 
fclose(fid); 
 
%========================================== 
% call mesh generator  
%========================================== 
 
    eval(['! "' which('img2mesh.exe') '" < img2mesh.input']); 
 
%========================================== 
% mask for region creation  
%========================================== 
 
mask = z_final; 
 
%========================================== 
% nodes  
%========================================== 
fid = fopen([mesh_fn '.nod'],'r'); 
tmp = str2num(fgetl(fid)); [op,count] = fscanf(fid,'%g'); fclose(fid); op = 
reshape(op,count/tmp(end),tmp(end))'; 
mesh.nodes = op(:,2:4); 
%========================================== 
% elements  
%========================================== 
fid = fopen([mesh_fn '.elm'],'r'); 
tmp = str2num(fgetl(fid)); [op,count] = fscanf(fid,'%g'); fclose(fid); op = 
reshape(op,count/tmp(end),tmp(end))'; 
mesh.elements = op(:,2:4); 
%========================================== 
% boundary nodes  
%========================================== 
fid = fopen([mesh_fn '.bnd'],'r'); 
tmp = str2num(fgetl(fid)); [op,count] = fscanf(fid,'%g'); fclose(fid);  
mesh.bndvtx = zeros(length(mesh.nodes),1); 
mesh.bndvtx(op(find(op>0))) = 1; 
%========================================== 
% region  
%========================================== 
mesh.region = zeros(length(mesh.nodes),1); 
mesh.region(find(mesh.bndvtx)) = 1; 
region = unique(mask); 
for i = [region(2) : region(end)] 
    [x y] = find(mask == i); 
    index =  tsearchn(mesh.nodes(:,1:2),mesh.elements,[x y]);  % element # containing mask point 
 
    mesh.region(mesh.elements(index(find(~isnan(index))),:)) = i; 
end 
 
%========================================== 
% reformat nodes  
%========================================== 
 
mesh2.nodes = mesh.nodes; 
mesh.nodes(:,1) = mesh2.nodes(:,2); 
mesh.nodes(:,2) = mesh2.nodes(:,1); 
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mesh.mua = zeros(length(mesh.nodes),1); 
mesh.mua(:) = 0.01; 
mesh.mus = zeros(length(mesh.nodes),1); 
mesh.mus(:) = 1.0; 
mesh.kappa = 1./(3*(mesh.mua+mesh.mus)); 
mesh.ri = zeros(length(mesh.nodes),1); 
mesh.ri(:) = 1.33; 
mesh.link = [2:8; 3:8 1; 4:8 1:2; 5:8 1:3; 6:8 ... 
    1:4; 7:8 1:5; 8 1:6; 1:7]; 
 
%========================================== 
% shift to center  
%========================================== 
 mesh.nodes(:,2) = -(mesh.nodes(:,2))% - y_sh); 
 
%========================================== 
% scale  
%========================================== 
scale = 0.093593; 
mesh.nodes = mesh.nodes*scale; 
 
%========================================== 
% Plot Mesh Regions  
%========================================== 
figure;  
plotimage(mesh, mesh.region) 
 
%========================================== 
% Adjustments for NIRFAST V3  
%========================================== 
mesh.source = [1 1]; 
mesh.meas = [0 1]; 
mesh.spec = 'No';  
mesh.type = 'stnd'; 
mesh.s_det_move = 0; 
mesh.dimension = 2; 
 
mesh2 = load_mesh('2100_Node_Fl_Target')  %NOTE:  Input a master mesh here   
 
mesh.source = mesh2.source;  
mesh.link = mesh2.link;  
mesh.meas = mesh2.meas;  
save_mesh(mesh,meshname) 
 
 
mesh = load_mesh(meshname,1) 
hold on 
 
figure; 
trimesh(mesh.elements,mesh.nodes(:,1),mesh.nodes(:,2),mesh.nodes(:,3)); 
 
%---------------------------- 
function plotimage(mesh,val,a) 
 
if nargin ~= 2 
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  figure; 
  set(gca,'FontSize',28) 
end 
figure;  
h = trisurf(mesh.elements,mesh.nodes(:,1),mesh.nodes(:,2),mesh.nodes(:,3),val); 
shading interp;view(2); 
% colorbar('horiz'); 
axis equal;  
%axis off; 
grid on; colormap hot; 
colormap(flipud(colormap)); 
hold on; plot(mesh.nodes(find(mesh.bndvtx),1),mesh.nodes(find(mesh.bndvtx),2),'k.') 
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D.2. Initial Source and Detector Placement Source Code 
 
%CREATE SOURCE AND MEASUREMENT FILE 
clear all 
index = 1;  
stepy = 360/32; 
for i = 0:stepy:360 
    x(index) = 1*cos(i*(pi/180)+270*(pi/180)) 
    y(index) = 1*sin(i*(pi/180)+270*(pi/180)) 
    index = index+1; 
end 
 
x(:) = x(:) + 39.777;        %X Position from radial alignment  
 
y(:) = y(:) + 38.9347;      %X Position from radial alignment 
y(:) = y.*-1; 
foo(:,1) = x'; 
foo(:,2) = y'; 
 
 
save MESHNAME.source foo -ascii 
save MESHNAME.meas foo –ascii 
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D.3. “move_source_microCT.m14”   
 
function [mesh]=move_source_microCT(mesh,mus_eff,w) 
 
% [mesh]=move_source(mesh); 
% This function moves the source location to make sure that it: 
% it is one scattering distance inside the boundary 
% Used as part of load_mesh program 
 
%%THE PROGRAM FINDS ANGLE OF NEAREST 2 BOUNDARY NODES TO THE SOURCE AND 
%%TAKES THEIR AVERAGE AS THE STARTING DISTANCE 
%%THIS DISTANCE IS SCALED TO LIE ON THE BOUNDARY AND THEN SHIFTED ONE 
%%SCATTERING DISTANCE INSIDE 
%%HAS ONLY BEEN TESTED FOR 2-D 
%  
% Part of NIRFAST package 
%Modified Subha 4/29/08 
 
% To start with, make sure the mesh is centered at [0 0 0] 
x = (min(mesh.nodes(:,1)) + max(mesh.nodes(:,1)))/2; 
y = (min(mesh.nodes(:,2)) + max(mesh.nodes(:,2)))/2; 
z = (min(mesh.nodes(:,3)) + max(mesh.nodes(:,3)))/2; 
mesh.nodes(:,1) = mesh.nodes(:,1) - x; 
mesh.nodes(:,2) = mesh.nodes(:,2) - y; 
mesh.nodes(:,3) = mesh.nodes(:,3) - z; 
 
% apply same transformation to detector positions 
mesh.source.coord(:,1) = mesh.source.coord(:,1) - x; 
mesh.source.coord(:,2) = mesh.source.coord(:,2) - y; 
if mesh.dimension == 3 
    mesh.source.coord(:,3) = mesh.source.coord(:,3) - z; 
end 
 
[nsource,msource]=size(mesh.source.coord); 
boun_ind = find(mesh.bndvtx==1); 
 
[th0,r0]=cart2pol(mesh.nodes(boun_ind,1),mesh.nodes(boun_ind,2)); 
jj = find(th0(:) < 0); 
th0(jj) = th0(jj) + 2*pi; 
clear jj 
jj = find(th0(:) > 2*pi); 
th0(jj) = th0(jj) - 2*pi; 
clear jj 
 
for i = 1 : nsource 
    if mesh.dimension == 2 
        % angle of source point 
        [th1,junk]=cart2pol(mesh.source.coord(i,1),mesh.source.coord(i,2)); 
        %%finds closest angle of boundary nodes and take average of their 

                                                 
14 The “move_source_microCT.m” is a modified version of the original NIRFAST “move_source.m” 
created by Subhadra Srinivasan for use with this system. The program moves the sources radially outward 
from an established center position until they intersect the boundary.  This function need only be used upon 
initial mesh creation.  
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        %%distances to get new radius 
        th_diff = abs(th0 - th1); 
        [th_diff,ord] = sort(th_diff); 
        r_new = mean(r0(ord(1:2))); 
 
        % Corrected position 
        [mesh.source.coord(i,1),mesh.source.coord(i,2)] = pol2cart(th1,r_new); 
 
    elseif mesh.dimension == 3 
        % distance of each boundary nodes from source 
        dist = distance(mesh.nodes,mesh.bndvtx,mesh.source.coord(i,:)); 
        % index of nearest boundary node 
        r0_ind = find(dist==min(dist)); 
        r0_ind = r0_ind(1); 
        % radius of nearest boundary node 
        [th,phi,r0]=cart2sph(mesh.nodes(r0_ind,1),... 
            mesh.nodes(r0_ind,2),... 
            mesh.nodes(r0_ind,3)); 
        % angle of source point 
        [th,phi,r1]=cart2sph(mesh.source.coord(i,1),... 
            mesh.source.coord(i,2),... 
            mesh.source.coord(i,3)); 
        % Corrected position 
        [mesh.source.coord(i,1),... 
            mesh.source.coord(i,2),... 
            mesh.source.coord(i,3)] = sph2cart(th,phi,r0); 
    end 
end 
 
% Now make sure they all fall inside! 
%%this ensures that the detectors will be moved if they lie outside the 
%%domain 
if mesh.dimension == 2 
    [ind,int_func] = tsearchn(mesh.nodes(:,1:2),... 
        mesh.elements,... 
        mesh.source.coord(:,1:2)); 
 
    if (any(isnan(ind)) == 1) 
        for j = 0.999 : -0.001 : 0.95 
            ind = find(isnan(ind)==1); 
            mesh.source.coord(ind,:) = mesh.source.coord(ind,:).*j; 
            [ind,int_func] = tsearchn(mesh.nodes(:,1:2),... 
                mesh.elements,... 
                mesh.source.coord(:,1:2)); 
            if any(isnan(ind)) == 0 
                break 
            end 
        end 
    end 
    %%this part ensures that the detectors lying in the interior of the 
    %%domain are moved to the boundary 
    nodes_tri = mesh.elements(ind,:); 
    for cc = 1:length(nodes_tri) 
        kk = mesh.bndvtx(nodes_tri(cc,:)); 
        if (any(kk) ~= 1) 
            for j = 1.001 : 0.001 : 1.1 
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                mesh.source.coord(cc,:) = mesh.source.coord(cc,:).*j; 
                [ind,int_func] = tsearchn(mesh.nodes(:,1:2),... 
                    mesh.elements,... 
                    mesh.source.coord(cc,1:2)); 
                nodes_tri(cc,:) = mesh.elements(ind,:); 
                kk = mesh.bndvtx(nodes_tri(cc,:)); 
                if (any(kk) == 1) 
                    break 
                end 
            end 
        end 
    end 
 
    [th,r] = cart2pol(mesh.source.coord(:,1),mesh.source.coord(:,2)); 
    % mean scatter value of where source will be 
 
    scat_dist = 1./mean(mus_eff); 
    % Corrected position 
    [mesh.source.coord(:,1),... 
        mesh.source.coord(:,2)] = pol2cart(th,r-scat_dist); 
 
 
 
 
elseif mesh.dimension == 3 
    [ind,int_func] = tsearchn(mesh.nodes,... 
        mesh.elements,... 
        mesh.source.coord); 
    if any(isnan(ind)) == 1 
        for j = 0.999 : -0.001 : 0.97 
            ind = find(isnan(ind)==1); 
            mesh.source.coord(ind,:) = mesh.source.coord(ind,:).*j; 
            [ind,int_func] = tsearchn(mesh.nodes,... 
                mesh.elements,... 
                mesh.source.coord); 
            if any(isnan(ind)) == 0 
                break 
            end 
        end 
    end 
    [th,phi,r]=cart2sph(mesh.source.coord(:,1),... 
        mesh.source.coord(:,2),... 
        mesh.source.coord(:,3)); 
    % mean scatter value of where source will be 
 
    scat_dist = 1./mean(mus_eff); 
 
    [mesh.source.coord(:,1),... 
        mesh.source.coord(:,2),... 
        mesh.source.coord(:,3)] = sph2cart(th,phi,r-scat_dist); 
end 
 
 
% Re-transform mesh back to original coordinates 
mesh.nodes(:,1) = mesh.nodes(:,1) + x; 



171 

mesh.nodes(:,2) = mesh.nodes(:,2) + y; 
mesh.nodes(:,3) = mesh.nodes(:,3) + z; 
 
% apply same transformation to detector positions 
mesh.source.coord(:,1) = mesh.source.coord(:,1) + x; 
mesh.source.coord(:,2) = mesh.source.coord(:,2) + y; 
if mesh.dimension == 3 
    mesh.source.coord(:,3) = mesh.source.coord(:,3) + z; 
end 
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D.4. “move_detector_microCT.m15”   
 
function [mesh]=move_detector_microCT(mesh) 
 
% [mesh]=move_source(mesh); 
% This function moves the detector location to make sure that it: 
% (a) falls on the boundary and 
% (b) it is just inside the boundary 
 
%%THE PROGRAM FINDS ANGLE OF NEAREST 2 BOUNDARY NODES TO THE 
MEASUREMENT LOCATION AND 
%%TAKES THEIR AVERAGE AS THE STARTING DISTANCE 
%%THIS DISTANCE IS SCALED TO LIE ON THE BOUNDARY 
%%HAS ONLY BEEN TESTED FOR 2-D 
% 
% Part of NIRFAST package 
% Modified Subha 4/29/08 
 
% To start with, make sure the mesh is centered at [0 0 0] 
x = (min(mesh.nodes(:,1)) + max(mesh.nodes(:,1)))/2; 
y = (min(mesh.nodes(:,2)) + max(mesh.nodes(:,2)))/2; 
z = (min(mesh.nodes(:,3)) + max(mesh.nodes(:,3)))/2; 
mesh.nodes(:,1) = mesh.nodes(:,1) - x; 
mesh.nodes(:,2) = mesh.nodes(:,2) - y; 
mesh.nodes(:,3) = mesh.nodes(:,3) - z; 
 
% apply same transformation to detector positions 
mesh.meas.coord(:,1) = mesh.meas.coord(:,1) - x; 
mesh.meas.coord(:,2) = mesh.meas.coord(:,2) - y; 
if mesh.dimension == 3 
    mesh.meas.coord(:,3) = mesh.meas.coord(:,3) - z; 
end 
 
[nmeas,mmeas]=size(mesh.meas.coord); 
boun_ind = find(mesh.bndvtx==1); 
 
[th0,r0]=cart2pol(mesh.nodes(boun_ind,1),mesh.nodes(boun_ind,2)); 
jj = find(th0(:) < 0); 
th0(jj) = th0(jj) + 2*pi; 
clear jj 
jj = find(th0(:) > 2*pi); 
th0(jj) = th0(jj) - 2*pi; 
clear jj 
 
for i = 1 : nmeas 
    if mesh.dimension == 2 
        % angle of source point 
        [th1,junk]=cart2pol(mesh.meas.coord(i,1),mesh.meas.coord(i,2)); 
        %%finds closest angle of boundary nodes and take average of their 
                                                 
15 The “move_detector_microCT.m” is a modified version of the original NIRFAST “move_detector.m” 
created by Subhadra Srinivasan for use with this system. The program moves the detector radially 
outward from an established center position until they intersect the boundary.  This function need only be 
used upon initial mesh creation.  
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        %%distances to get new radius 
        th_diff = abs(th0 - th1); 
        [th_diff,ord] = sort(th_diff); 
        r_new = mean(r0(ord(1:2))); 
 
        % Corrected position 
        [mesh.meas.coord(i,1),mesh.meas.coord(i,2)] = pol2cart(th1,r_new); 
 
    elseif mesh.dimension == 3 
        % distance of each boundary nodes from source 
        dist = distance(mesh.nodes,mesh.bndvtx,mesh.meas.coord(i,:)); 
        % index of nearest boundary node 
        r0_ind = find(dist==min(dist)); 
        r0_ind = r0_ind(1); 
        % radius of nearest boundary node 
        [th,phi,r0]=cart2sph(mesh.nodes(r0_ind,1),... 
            mesh.nodes(r0_ind,2),... 
            mesh.nodes(r0_ind,3)); 
        % angle of source point 
        [th,phi,r1]=cart2sph(mesh.meas.coord(i,1),... 
            mesh.meas.coord(i,2),... 
            mesh.meas.coord(i,3)); 
        % Corrected position 
        [mesh.meas.coord(i,1),... 
            mesh.meas.coord(i,2),... 
            mesh.meas.coord(i,3)] = sph2cart(th,phi,r0); 
    end 
end 
 
% Now make sure they all fall inside! 
%%this ensures that the detectors will be moved if they lie outside the 
%%domain 
if mesh.dimension == 2 
    [ind,int_func] = tsearchn(mesh.nodes(:,1:2),... 
        mesh.elements,... 
        mesh.meas.coord(:,1:2)); 
 
    if (any(isnan(ind)) == 1) 
        for j = 0.999 : -0.001 : 0.95 
            ind = find(isnan(ind)==1); 
            mesh.meas.coord(ind,:) = mesh.meas.coord(ind,:).*j; 
            [ind,int_func] = tsearchn(mesh.nodes(:,1:2),... 
                mesh.elements,... 
                mesh.meas.coord(:,1:2)); 
            if any(isnan(ind)) == 0 
                break 
            end 
            %%plotting figure 
            %         figure; 
            % 
            %             plot(mesh.meas.coord(:,1),... 
            %                 mesh.meas.coord(:,2),'bx','LineWidth',2,'MarkerSize',8); 
            %             hold; 
            %             plot(mesh.nodes(boun_ind,1),mesh.nodes(boun_ind,2),'c.'); 
            %             axis equal; 
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        end 
    end 
    %%this part ensures that the detectors lying in the interior of the 
    %%domain are moved to the boundary 
    nodes_tri = mesh.elements(ind,:); 
    for cc = 1:length(nodes_tri) 
        kk = mesh.bndvtx(nodes_tri(cc,:)); 
        if (any(kk) ~= 1) 
            for j = 1.001 : 0.001 : 1.1 
 
                mesh.meas.coord(cc,:) = mesh.meas.coord(cc,:).*j; 
                [ind,int_func] = tsearchn(mesh.nodes(:,1:2),... 
                    mesh.elements,... 
                    mesh.meas.coord(cc,1:2)); 
                nodes_tri(cc,:) = mesh.elements(ind,:); 
                kk = mesh.bndvtx(nodes_tri(cc,:)); 
                if (any(kk) == 1) 
                    break 
                end 
                %                    figure; 
                % 
                %                    plot(mesh.meas.coord(:,1),... 
                %                         mesh.meas.coord(:,2),'bx','LineWidth',2,'MarkerSize',8); 
                %                  hold; 
                %                  plot(mesh.nodes(boun_ind,1),mesh.nodes(boun_ind,2),'c.'); 
                %                  axis equal; 
            end 
        end 
    end 
    [ind,int_func] = tsearchn(mesh.nodes(:,1:2),... 
        mesh.elements,... 
        mesh.meas.coord(:,1:2)); 
 
 
 
elseif mesh.dimension == 3 
    [ind,int_func] = tsearchn(mesh.nodes,... 
        mesh.elements,... 
        mesh.meas.coord); 
    if any(isnan(ind)) == 1 
        for j = 0.999 : -0.001 : 0.97 
            ind = find(isnan(ind)==1); 
            mesh.meas.coord(ind,:) = mesh.meas.coord(ind,:).*j; 
            [ind,int_func] = tsearchn(mesh.nodes,... 
                mesh.elements,... 
                mesh.meas.coord); 
            if any(isnan(ind)) == 0 
                break 
            end 
        end 
    end 
end 
 
 
% Re-transform mesh back to original coordinates 
mesh.nodes(:,1) = mesh.nodes(:,1) + x; 
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mesh.nodes(:,2) = mesh.nodes(:,2) + y; 
mesh.nodes(:,3) = mesh.nodes(:,3) + z; 
 
% apply same transformation to detector positions 
mesh.meas.coord(:,1) = mesh.meas.coord(:,1) + x; 
mesh.meas.coord(:,2) = mesh.meas.coord(:,2) + y; 
if mesh.dimension == 3 
    mesh.meas.coord(:,3) = mesh.meas.coord(:,3) + z; 
end 
 
% set mesh array variable with the interpolation functions 
% calculated above to get the boundary measuremets 
mesh.meas.int_func = [ind int_func]; 
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Appendix D – Detector Characterization 

 

  

Figure E- 1: PMT linearity over the entire dynamic range was examined by examining 
the count rate as a function of input optical power (a) and (b).   Plots of the dark count 
rate as a function of integration time are shown in (c) and (d) while the PMT time 
linearity response is shown in (e) and (f). 
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