
 
 
 
 
 
 
 

DEVELOPMENT AND OPTIMIZATION OF AN INTRINSIC OPTICAL SIGNAL IMAGING SYSTEM FOR HEMODYNAMIC 

CORRECTION OF FLUORESCENT SIGNALS 

 
 

 
 
 
 
 

By 
 

Aaron T. Cherian 
 

B.S., University of Maryland, College Park, 2018  
 
 
 
 
 
 
 

Thesis 
 

Submitted in partial fulfillment of the requirements for the  
Degree of Master of Science in Biomedical Engineering at Brown University 

 
 
 
 
 
 

PROVIDENCE, RHODE ISLAND 
 

MAY 2020 
 

 

  



 
 

 
ii 

 

 

 



 
 

 
iii 

ACKNOWLEDGEMENTS 

This has been a long ride and I owe a lot to the people who have helped me through it. 

First and foremost to my parents, without them I would not have had the chance to be here in 

the first place, and I’m incredibly fortunate to have them. To my family, who has always 

supported me, thank you. 

A big thank you to my advisor, Dr. Jonghwan Lee, who even as busy as he was always 

took the time to meet with and guide me forwards in my research. I look forward to what the 

Lee Lab will produce in the coming years. Thanks to my committee, Dr. Kimani Toussaint and 

Dr. Marissa Gray for the time that they took out to read my thesis and attend my defense, and 

particular thanks to Dr. Gray for her guidance as the masters program director over the past 

couple of years. Thanks to Sabina Stefan in the Lee Lab, for getting me up to speed on our lab 

and being there for any and all questions I had. I would have gone crazy without her help  

Thank you to all my friends who’ve been keeping me sane for the past couple of years. 

I’ve built up a strong support network here and I’m always thankful for it. And a final thank you 

to the Brown University at large, students and faculty who have been there, for your 

inclusiveness, creativity and kindness.  

  



 
 

 
iv 

Table of Contents 

1 AGE RELATED MACULAR DEGENERATION (AMD) ................................................................................ 1—1 

1.1 DISEASE OVERVIEW ................................................................................................................... 1—1 

1.2 RISK FACTORS AND EPIDEMIOLOGY ............................................................................................ 1—2 

1.2.1 AGE .................................................................................................................................. 1—2 

1.2.2 QUALITY OF LIFE ................................................................................................................ 1—3 

1.3 CURRENT TREATMENTS .............................................................................................................. 1—3 

1.3.1 VITAMIN THERAPY ............................................................................................................. 1—3 

1.3.2 IMPLANTABLE MINI TELESCOPE .......................................................................................... 1—3 

1.3.3 CONCLUSIONS.................................................................................................................... 1—4 

2 CHAPTER 2: RETINAL PROSTHETICS AS AN AMD TREATMENT .............................................................. 2—5 

2.1 RETINAL PROSTHETIC OVERVIEW ................................................................................................ 2—5 

2.2 RETINAL PROSTHETICS OF NOTE.................................................................................................. 2—5 

2.2.1 SECOND SIGHT, THE ARGUS II AND THE ORION .................................................................... 2—5 

2.2.2 PIXIUM PRIMA .................................................................................................................. 2—6 

2.3 LIMITATIONS ............................................................................................................................. 2—7 

2.3.1 RESTORATION .................................................................................................................... 2—7 

2.3.2 RESOLUTION ...................................................................................................................... 2—7 

2.3.3 INVASIVENESS .................................................................................................................... 2—7 

2.4 PROJECT GOAL AND THESIS SCOPE .............................................................................................. 2—8 

3 CHAPTER 3: IMAGING THE BRAIN ........................................................................................................ 3—9 

3.1 CALCIUM ACTIVITY AS A PROXY FOR NEURAL ACTIVITY ............................................................... 3—9 

3.2 IMAGING CALCIUM ACTIVITY IN THE BRAIN ................................................................................. 3—9 

3.3 COMPARING SYNTHETIC AND GECI CALCIUM INDICATORS ........................................................... 3—9 

3.4 GCAMP FOR FLUORESCENT IMAGING ....................................................................................... 3—11 

3.5 ADVANTAGES OF WIDEFIELD IMAGING ..................................................................................... 3—11 

3.6 HEMODYNAMICS CAN CONTAMINATE FLUORESCENCE DATA ....................................................... 3—12 

3.7 THESIS OBJECTIVES .................................................................................................................. 3—15 

CHAPTER 4: BUILDING A LOW-COST PIEZOELECTRIC WHISKER STIMULATOR................................................ 3—17 

4 INTRODUCTION ................................................................................................................................ 4—17 

4.1 REQUIREMENTS: ...................................................................................................................... 4—18 

4.2 METHODS ............................................................................................................................... 4—18 

4.2.1 CIRCUIT ........................................................................................................................... 4—18 



 
 

 
v 

4.2.2 FRAMEWORK ................................................................................................................... 4—20 

4.3 COST BREAKDOWN .................................................................................................................. 4—22 

4.4 DISCUSSION AND CONCLUSIONS ............................................................................................... 4—22 

5 CHAPTER 5: IOS INSTRUMENTATION AND IMAGING ........................................................................... 5—24 

5.1 INTRODUCTION ........................................................................................................................ 5—24 

5.2 METHODS ............................................................................................................................... 5—25 

5.2.1 ANALYSIS OF HEMODYNAMIC DATA: BEER’S LAW: ............................................................. 5—25 

5.2.2 INSTRUMENTATION .......................................................................................................... 5—27 

5.2.3 IMAGE ACQUISITION ........................................................................................................ 5—27 

5.2.4 ANIMAL PREPARATION: ................................................................................................... 5—28 

5.2.5 IMAGE PROCESSING ......................................................................................................... 5—29 

5.3 RESULTS .................................................................................................................................. 5—30 

5.3.1 INSTRUMENTATION TESTING: RAW IMAGES ....................................................................... 5—30 

5.3.2 PROCESSED REFLECTANCE .......................................................................................... 5—31 

5.3.3 DETERMINING HEMOGLOBIN CONCENTRATIONS ................................................................ 5—32 

5.4 DISCUSSION ............................................................................................................................ 5—35 

5.5 CONCLUSIONS ......................................................................................................................... 5—36 

6 CHAPTER 6: OPTIMIZING THE IOS ANALYSIS WITH MULTIPLE WAVELENGTHS ...................................... 6—38 

6.1 INTRODUCTION ........................................................................................................................ 6—38 

6.2 METHODS ............................................................................................................................... 6—39 

6.2.1 LEAST SQUARES FIT .......................................................................................................... 6—39 

6.2.2 MATLAB PROCESSING .................................................................................................... 6—40 

6.2.3 ANIMAL PREPARATION AND IMAGING ............................................................................... 6—40 

6.3 RESULTS .................................................................................................................................. 6—41 

6.3.1 625NM LIGHT REFLECTANCE PROFILES .............................................................................. 6—41 

6.3.2 MULTIWAVELENGTH METHOD SHOWS LOWER HBR CONCENTRATIONS ............................... 6—43 

6.4 DISCUSSION ............................................................................................................................ 6—46 

6.4.1 625nm wavelength absorption shows sensitivity to changes in deoxygenated 

hemoglobin concentrations ......................................................................................................... 6—46 

6.4.2 Using a 625nm wavelength reduces the dominating effect of HbO concentration 

changes 6—46 

6.4.3 625nm absorption values can be affected by changes in oxygenated hemoglobin 

concentrations .............................................................................................................................. 6—47 

6.5 CONCLUSIONS ......................................................................................................................... 6—48 



 
 

 
vi 

7 CONCLUSIONS ................................................................................................................................. 7—49 

8 REFERENCES .................................................................................................................................... 8—51 

 

  



 
 

 
vii 

LIST OF FIGURES 

Figure 1:  Projection of U.S. AMD incidence, 2005-2050. Source: Rein et. all12.... Error! Bookmark 

not defined. 

Figure 2: General Architecture of Visual Prosthetics. Source: Maghami et. all23...................... 2—5 

Figure 3: Absorption spectra of oxygenated (HbO) and deoxygenated (HbR) hemoglobin against 

the excitation and emission peaks of GCaMP fluorescence. Source: Valley et. all49 .............. 3—13 

Figure 4:  Sample raw fluorescent and corrected data taken from a mouse undergoing hind paw 

stimulation, showing that left uncorrected, fluorescent signals will decrease over the course of 

stimulation. Source: Ma et. all55 .............................................................................................. 3—14 

Figure 5: Description of thesis objectives ................................................................................ 3—16 

Figure 6: Bending of a two-layered piezo. Source: Piezo.com62 ............................................. 4—17 

Figure 7: Circuit diagram of piezoelectric stimulator. A 24V power supply powers the BD200 

piezo electric driver. A 0-3V input from Input 1 (NiDAQ) is converted by the BD200 to a 0 – 150V 

output over the top layer of the piezo, which, when the bottom and middle layer are connected 

to ground, is translated into bending in a single direction. ..................................................... 4—20 

Figure 8: Design of the piezoelectric stimulation system. (1) The holder for the circuit board and 

the piezoelectric driver, designed to keep both elements steady and in place during 

experimentation. (2) The piezoelectric bender holder, attached to the bender to allow for 

bending motion without additional movement. (3) The base, holding the piezoelectric bender 

up at an appropriate height for it to be attached to the mouse whisker. .............................. 4—21 

Figure 9: In order: Raw, 470nm, 530nm, and 625nm images of the cortical window of the 

resting animal, taken as an initial test of the IOS imaging system. ......................................... 5—30 

file:///C:/Users/Rontc/Documents/Brown/Research/thesis/thesis_final_draft.docx%23_Toc38968323


 
 

 
viii 

Figure 10: Processed reflectance images for 470nm and 530nm wavelengths. The shaded area 

between the green lines indicates the duration of stimulation. Percent reflection decreases 

across stimulus duration. ......................................................................................................... 5—31 

Figure 11: Spatial profile HbO concentration changes, starting from t = -2s, with the stimulus 

applied at t = 0s. Spatial location of HbO changes can be used to identify arteries and veins, 

noted in the figure. The peak of HbO concentration occurs at 10s, about 5 seconds after the 

stimulus is applied. .................................................................................................................. 5—32 

Figure 12: Spatial profile HbR concentration changes, starting from t = -2s, with the stimulus 

applied at t = 0s. Spatial location of HbO changes can be used to identify arteries and veins, 

noted in the figure. HbR activity can be visualized, as expected, in the veins. However, HbR 

activity is also visualized in the arteries, which is atypical. ..................................................... 5—33 

Figure 13: (Left) Raw image of the tested area. Averaged collected intensity values using the 

470nm and 530nm wavelengths were used to calculate HbO, HbR, and HbT concentrations. 

(Right): Calculated hemoglobin concentrations are plotted against the 15 second duration of 

the experiment using an average of 5 trials. Shaded gray area indicates the time of stimulus (air 

puff stimulation of the animal whisker, applied for 5 seconds at 5Hz). Data from -2 to 0 seconds 

was used to create a baseline intensity. .................................................................................. 5—34 

Figure 14: a) Ideal changes in hemoglobin species in response to neurovascular coupling as a 

result of neural activation. A large increase in HbO can be seen as well as a decrease in HbR. 

Source: Scholkmann et. all, 201468 b) The typical hemodynamic response of a large arteriole in 

response to neural activation. Large increases in HbO with little change in HbR can be observed, 

which matches the behavior of the collected data. Source: Ma et. all, 201655 ...................... 5—36 



 
 

 
ix 

Figure 15: Processed reflectance images for 470nm, 530nm, and 625nm wavelengths. Stimulus 

was applied at t = 0s for a duration of 5 seconds. An increase in reflectance can be seen for 

625nm light in the marked region of interest (red box), and a dip in background reflectance 

around venous vasculature can be observed in 625nm light at t = 5s. ................................... 6—41 

Figure 16: Comparison of reflectance values for three different wavelengths (470nm and 

530nm reflectances following the left axes, 625nm reflectance noted on the right axis). During 

stimulation period, 470nm and 530nm wavelengths show decreasing reflectance, while 625nm 

wavelength shows increasing reflectance. 625nm reflectance shows a sudden decrease post-

stimulus that aligns with dips seen in 470nm and 530nm reflectances as well...................... 6—42 

Figure 17: Left: Calculated hemoglobin concentrations using the three wavelength analysis are 

plotted against the 15 second duration of the experiment. Data from -2 to 0 seconds was used 

to create a baseline intensity. Right: Calculated hemoglobin concentrations using the two 

wavelength analysis detailed in Section 5 methods for comparison. An average of 5 trials was 

used for each. While general trends remain the same between both kinds of analyses, 

differences in trends can be seen when looking at increased HbO concentrations, and a 

decrease in HbR concentration ................................................................................................ 6—43 

Figure 18: A comparison between HbR concentration change trends between a two and three-

wavelength analysis. Areas showing different behavior are noted. Overall HbR concentration 

changes are lower when calculated with the three-wavelength analysis method. The end-of-

stimulus peak is higher in the HbR change calculated by the three-wavelength analysis. HbR 

wavelengths in a two wavelength analysis show a post stimulus increase that is not calculated 



 
 

 
x 

by the three wavelength analysis. Shaded area indicates whisker stimulation of animal 

(duration of 5 seconds, frequency of 5Hz) .............................................................................. 6—44 

Figure 19: Spatial profile of change in HbR concentrations calculated from a two wavelength 

analysis method (top row) and a three wavelength analysis (bottom row), at time points t = 0s 

(stimulus start), t = 5s (stimulus end) and t = 10s (HbO concentration peak). When using 3 

wavelength analysis, vasculature shows overall smaller increases in HbR concentrations. ... 6—45 



 
 

 
1—1 

 

1 AGE RELATED MACULAR DEGENERATION (AMD) 

1.1 DISEASE OVERVIEW 

Age-related macular degeneration (AMD) is a degenerative disorder of the eye that leads to visual 

impairment, and in some cases, blindness. Among elderly patients, AMD is one of the leading causes of 

blindness1. The disease is associated with the development of lipid deposits called drusen under the 

retina2. The formation of drusen has been associated with thinning of the macula, which can cause loss 

of function that results in central vision loss2. AMD can be categorized as one of two types: dry or wet. 

Associated with late stage AMD is thinning of the retinal pigmental epithelium (RPE), which is 

involved in transport of nutrients to maintain photoreceptor visual function. Photoreceptor visual 

function is to transduce light into signals that can be sent down the visual cortex pathway3. During late 

stage dry AMD, in what is known as geographic atrophy, thinning of the RPE can lead to loss of 

photoreceptors, causing blind spots, and eventually, all central vision. While dry AMD accounts for most 

diagnosed cases of the disease, in some cases it can also progress to wet AMD, which is associated with 

severe vision loss.  Wet AMD is mainly defined by choroidal neovascularization (CNV), in which new 

vessels penetrate Bruch’s membrane, part of the vascular layer of the eye, and grow into the subretinal 

space, which can leak fluid or blood1. Wet type AMD can lead to severe and rapid vision loss if left 

untreated. 
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1.2 RISK FACTORS AND EPIDEMIOLOGY  

AMD is the leading cause of irreversible blindness in the US6. In 2000, about 1.75 million 

Americans had late stage AMD, while 7.3 million more were estimated to have early stages of the 

disease4.   

1.2.1 AGE  

Age has been found to be the strongest risk factor for AMD5,6. In the Beaver Eye Dam population 

study, incidence of early AMD was found to increase from 3.9% for individuals in the 43-54 year old age 

range to 22.8% for individuals 75 and older7.  According to the U.S. Census Bureau in its 2017 National 

Population Projections, 49.2 million Americans were 65 years or older in 2016, and that number is 

projected to rise to 94.7 million by 20608. With the increase in elderly population, it becomes even more 

likely that the prevalence of AMD will continue to increase as well. One study projects the number of 

global cases of AMD to be 196 million in 2020 and for that to rise to 288 million by 20409. Another study 

by Rein et. all projects that in the U.S., early AMD incidence will increase to approximately 17.8 million in 

2050, as seen in Figure 110.   

 

Figure 1: Projection of U.S. AMD incidence, 2005-2050. Source: Rein et. all12 
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1.2.2 QUALITY OF LIFE 

For both wet and dry AMD, there are no clinical treatments that can significantly reverse vision 

loss and most treatments manage symptoms by slowing disease progression. Therefore, many elderly 

patients must adjust to impaired or total loss of vision. One study found that of a surveyed group of 

elderly patients with AMD, 32.5% had some sort of depressive disorder, and severity of depressive 

symptoms were also closely correlated with disability scores, with the ultimate conclusion that more 

strategies were needed to help patients cope with vision loss11. An intervention that restores vision to 

AMD patients would be instrumental in increasing their overall quality of life.  

1.3 CURRENT TREATMENTS 

1.3.1 VITAMIN THERAPY 

A high antioxidant and zinc diet during the early stages of AMD has been found to be effective in 

reducing risk of CNV and geographic atrophy, the most vision threatening symptoms of both types of 

AMD. A  combination of vitamins termed AREDS2, recommended by the National Eye Institute, can be 

bought over the counter at local pharmacies, and has been found to be a cost effective AMD 

treatment12. However, vitamin therapy, while slowing the progression of the disease, cannot reverse any 

vision already lost.  

1.3.2 IMPLANTABLE MINI TELESCOPE 

The implantable miniature telescope (IMT), by CentraSight, is the first device approved as a 

therapy for patients with late stage AMD. The device is implanted in one eye and uses wide-angle micro 

optics to project a magnified image over the central retina. With the implantation of the IMT, one eye 

provides central vision, while the other eye provides peripheral vision 13.  

The results from the IMT so far have been promising, showing a significant increase in best-

corrected visual acuity scores, with a benefit that was sustained over two years despite the progressive 
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nature of AMD14. A 12.5% quality of life gain was reported for the average patient implanted with the 

IMT15. However, the IMT cannot be implanted in every patient and involves a complicated surgery and 

recovery process.  

1.3.3 CONCLUSIONS 
For people diagnosed with dry late stage AMD, there are few effective restorative options, and most 

current treatment is based around managing the progression of systems. For this reason, a growing field 

in restorative solutions is creating retinal prosthetics, expanded upon in Chapter 2.  
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2 CHAPTER 2: RETINAL PROSTHETICS AS AN AMD TREATMENT 

2.1 RETINAL PROSTHETIC OVERVIEW  

The general goal of visual prosthetics is to bypass failing parts of the visual pathway and use intact 

pathways to restore sight. Visual prosthetics generally follow a certain architecture that consist of an 

external unit to capture, process and send the image while the implanted unit receives and processes 

the data, before directing a micro-electrode array to stimulate the tissue that it interfaces with (Figure 

2)16. 

 

Figure 2: General Architecture of Visual Prosthetics. Source: Maghami et. all23 

 

Quality of the image seen by the patient is most heavily dependent on the resolution of the image 

delivered to the visual system. Resolution is limited by the number of the electrodes on the array (and 

by extension the number of stimulation sites on the tissue)17. 

2.2 RETINAL PROSTHETICS OF NOTE 

2.2.1 SECOND SIGHT, THE ARGUS II AND THE ORION  

Second Sight, a U.S. based company focused on neurostimulation technology has developed/is 

developing two retinal prosthetics systems for dry AMD patients. The Argus II retinal prosthetic, by 
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Second Sight, was the first approved clinical prosthetic. The Argus II consists of a 60-electrode array 

surgically implanted in the epiretinal space, electrically stimulating retinal ganglion cells. Long-term 

studies showed improvements in visual tasks and stable visual performance25. The Argus II was initially 

marketed towards patients with retinitis pigmentosa, a hereditary disease that results in the loss of 

peripheral vision. After entering market, Second Sight announced in 2015 that they had successfully 

implanted the Argus II in a late-stage dry AMD patient as part of a feasibility study26.   

In 2019, production on the Argus II was suspended as Second Sight shifted to focus their efforts 

on the Orion Visual Cortical Prosthesis System28. This prosthetic system bypasses a retinal implant 

entirely by transmitting electrical signals to an array of electrodes implanted on the surface of the 

brain’s visual cortex, with an early feasibility trial currently running. 

2.2.2 PIXIUM PRIMA 

Another frontrunner in development is the photovoltaic retinal implant (PRIMA) bionic vision 

system by Pixium. PRIMA uses a novel method of photovoltaic stimulation. A chip with 142-pixel cells is 

implanted into the subretinal space. Pulsed near infrared light stimulates the pixels, and the 

photodiodes generate a current to polarize neuronal tissue. Results published by the group show that 

non-human primates responded to stimulations at the implant site and that the implant can remain 

stable in the retina29. In January 2020, the first successful implantation of a patient in the US was 

completed, one of five planned for a US feasibility study30. 
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2.3 LIMITATIONS 

The main limitations of treatments for dry AMD can be categorized as restoration, resolution, and 

invasiveness. Market treatments like vitamin therapy are not restorative, while options like retinal 

prosthetics are low resolution, and the IMT, while higher resolution and restorative, is extremely 

invasive.  

2.3.1 RESTORATION 

Most clinically approved dry AMD treatment is based around managing symptoms. While 

vitamin therapy is a cost-effective disease treatment, it cannot restore vision. Restoring vision to 

patients would give them back independence to safely perform tasks, decreasing caregiver costs, and 

generally improving quality of life. The IMT can restore vision to a patient, but there are drawbacks, 

which are described in the Invasiveness section below.  

2.3.2 RESOLUTION 

Generally, the quality of sight restored by retinal prosthetics is extremely low resolution17. 

Devices are not intended to restore vision back to pre-AMD levels but to restore some sense of object 

recognition and functionality to patients. Patients perceive vision as patterns of light, with some added 

contrast sensitivity. Resolution is primarily based on the number of sites on the retina that can be 

stimulated, which is limited by the electrode density in the array. Electrode density is constrained by 

additional demands placed on the implanted array. Requirements that the array be permanently 

implanted in the eye increases packaging for the implant to increase safety and longevity, but decreases 

the space available for a microelectrode array17.  

2.3.3 INVASIVENESS 

All available/developing prosthetics require surgery for implantation in the retina, with the 

extensiveness of the surgery depending on where the implantation site is. Surgeries create increased 
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risk to the patient, both from surgical complications, and the risk of implant failure and removal. They 

also create an increased healthcare burden due to surgeon, surgery, and recovery costs.  

2.4 PROJECT GOAL AND THESIS SCOPE 

These limitations leave a space for a minimally invasive, high resolution retinal prosthetic. As such, 

one novel method of doing this is through optical stimulation. Pulses of NIR light have been previously 

shown in research to evoke neural responses from neurons18,19. This novel method presents a way to 

stimulate the neurons with a retinal prosthetic. A key part of this process going forward is proving that 

NIR optical stimulation produces a response in the visual cortex of the brain. We plan on doing so using 

wide-field calcium imaging of the brain. This thesis focuses on the specifics of the kind of calcium 

imaging being used, the issues that must be noted, and how we can correct for those issues.  
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3 CHAPTER 3: IMAGING THE BRAIN 

3.1 CALCIUM ACTIVITY AS A PROXY FOR NEURAL ACTIVITY  

Calcium is a crucial intracellular messenger that plays an important role in multiple cell functions, 

including signal flow20. In the nervous system, calcium has a number of specific functions, such as 

trigging release of synaptic vesicles, playing a role in synaptic plasticity, and even regulating gene 

transcription21. Calcium activity can also be associated with triggering action potentials. Action potential 

signals open calcium channels in the membrane, leading to a calcium influx, and the timing of action 

potentials has been linked to dendritic spikes of calcium22,23. Therefore, by tracking calcium activity, one 

can also track neural activity.  

3.2  IMAGING CALCIUM ACTIVITY IN THE BRAIN 

Fluorescence imaging of the brain has been developed as a nondestructive, temporally and 

spatially high resolution method to track neural activity, having advantages in sensitive and applicability 

over absorbance imaging24. Early experiments using fluorescence imaging to track neural activity were 

typically done in insects and lower vertebrates, such as imaging of the brain of a honeybee after 

olfactory stimulation25,26.  Initial fluorescent indicators were synthetic molecules such as Quin-2, Fura-2, 

Indo-1 and Fluo-324. 

Two main classes of fluorescent indicators exist, expanded upon in the following section: synthetic 

calcium indicators and genetically encoded calcium indicators.  

3.3 COMPARING SYNTHETIC AND GECI CALCIUM INDICATORS 

Synthetic calcium indicators have a few advantages. They are easier to utilize, do not require 

transfection and have established loading protocols27. Synthetic dyes come in a range of binding 

affinities and spectral ranges and have a wide range of applications for experiments. Currently, popular 
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synthetic dyes include Oregon green, Calcium green-1, and Fluo-3, among others27. Indicators are loaded 

by pipetting imaging dyes onto the surface of the brain, although the depth of penetration of the 

indicator depends on several factors, such as health of the animal, type and amount of anesthesia, and 

the length of time the brain is exposed to the dye27. However, while they are easier to load, they provide 

several disadvantages that can be addressed by genetically encoded calcium indicators.  

Genetically encoded calcium indicators (GECI’s) are probes that typically contain a fluorescent 

protein fused to a protein involved in cell signaling28. While synthetic molecules are invasive, cannot be 

targeted, and cannot be used for repeated measurements over time, GECI’s can be transfected with 

minimal invasiveness, can be targeted to specific cell types or components of cells, and can be used for 

long-term measurements29.  

Fluorescent measurements are typically calculated as ΔF/F0, or the change in fluorescence 

intensity relative to the resting intensity30. The performance of different GECI’s can be compared by 

calculating signal-to-noise ratios (SNR’s). SNR can be calculated as the ratio between fluorescent signal 

and shot noise over the baseline fluorescence (ΔF/N-1/2), where N is the number of photos detected31. 

Factors affecting GECI performance and SNR include brightness, pH sensitivity, folding sensitivity, and 

photobleaching of the sensor32.  

GECIs have frequently used to detect neural activity. Action potentials themselves can be difficult 

to detect due to the short time that they last, but calcium transients can last beyond the short duration 

of the action potential, making it easier to detect neural activity33,34. One of the first applications of 

GECIs for neural activities was to functionally map the antennal lobe of flies in response to odorant 

stimuli16. GECIs have also been used for long-term studies, such as mapping the tracking the place fields 

of CA1 pyramidal cell in mice over a series of weeks, which could not be accomplished by synthetic 

dyes36.   
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3.4 GCAMP FOR FLUORESCENT IMAGING 

GCaMP is a particular kind of GECI, widely used in fluorescent imaging. GCaMP consists of green 

fluorescent protein (GFP), calmodulin (CaM, a calcium binding protein), and an M13 peptide (targets 

calmodulin)37.  

In GCaMP, circularly permutated GFP is connected at its N terminus to the GFP, while the C 

terminus is connected to CaM38. Calcium binding to CaM causes a conformational shift due to the 

interaction between CaM and M13, which causes the GFP to fluoresce39. GCaMP, without access to 

calcium, appears to exist in a poorly fluorescent state due to protonation of the chromophore, and the 

conformational change caused by the binding of calcium eliminates this protonation pathway, leading to 

brighter and detectable fluorescence38,40. Therefore, calcium activity in the brain can cause fluorescence. 

To capture this fluorescence, different kinds of imaging can be used. Specifically, for our purposes, we 

can use widefield imaging.  

3.5 ADVANTAGES OF WIDEFIELD IMAGING 

Different methods are available imaging the mouse brain. Popular among these are two-photon 

microscopy and widefield imaging. Two-photon microscopy is a nonlinear microscopy technique that 

allows high resolution for imaging tissues. In particular, two-photon excitation of fluorescence can allow 

for longer image depths in live animals and tissues41. Additionally, two-photon excitation can allow for 

the creation of optical sections42. However, the increased depth and resolution of two-photon 

microscopy comes at the cost of decreased field of view, giving widefield microscopy an advantage in 

observing a greater area of the brain when tracking neural dynamics43. Widefield microscopy imaging 

has been used to image much wider areas of the brain, from a range of about 25,000-50,000 neurons 

available for imaging44. Widefield imaging also has the advantage that it can be performed through 
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intact skull windows, which reduces the need for invasive craniotomies, and is an inexpensive 

alternative to two-photon microscopy45.  

Widefield imaging with GCaMP has found many uses with neural activity. It has been used to track 

spontaneous sensory-evoked activity in mice from activated sites to distant, functionally directed in 

awake and asleep mice46,  show to show neural activity in proper sensory cortices of the brain in 

response to auditory, visual and mechanical stimuli47 ,and examine movement generation in the brain 

on a macro-scale level across different cortices of the brain48. Widefield imaging, along with GCaMP, has 

many advantages in defining neural activity on a larger scale. Long term, we aim to use widefield 

imaging to image the visual cortex of the brain to observe its response to optical stimuli. However, there 

are issues that can arise from this.  

3.6 HEMODYNAMICS CAN CONTAMINATE FLUORESCENCE DATA 

A recognized issue in the widefield imaging of calcium indicators in vivo is the effect of 

hemodynamics and blood flow on imaging. Specifically, hemodynamic response of the brain to 

functional stimuli can contaminate calcium signals47,49. The contamination happens as a result of 

neurovascular coupling. Neurovascular coupling refers to the relationship between neural activation and 

cerebral blood flow, through the coupled actions of neurons, endothelium, and glial cells such as 

astrocytes and pericytes49,50. When the brain is stimulated, increases in blood flow can often be seen 

after a short delay51.  Reasons for this increase in blood flow have been attributed to a variety of 

potential reasons, including a need for more oxygen or glucose in the cell, or a need for waste removal 

and heat regulation52. Capillaries and arterioles have been noted to increase in diameter, while venous 

oxygenation levels increase due to increased blood flow52. 

Various imaging methods have used neurovascular coupling to their advantage to track 

hemodynamics of the brain. Techniques such as functional magnetic resonance (fMRI) imaging, blood-
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oxygen-level-dependent signals (BOLD) imaging, and intrinsic optical signal (IOS) imaging take advantage 

of this relationship to use blood flow, volume and oxygenation as a proxy for neural activity52,53. IOS 

imaging in particular converts changes in reflected light intensity into changes in both deoxygenated and 

oxygenated local hemoglobin concentrations54. IOS imaging involves illuminating the surface of the brain 

with a specific wavelength and converting the changes in reflected light intensity to changes in 

oxygenated and deoxygenated hemoglobin concentrations.   

The contamination of widefield fluorescent imaging results from the presence of endogenous 

absorbers. Fluorescence excitation and emission can be absorbed by these endogenous absorbers. 

Among them, hemoglobin is a strong absorber 55.  Hemoglobin absorption of signals can be particularly 

hard to overcome in part because it is a broad spectrum absorber across both the excitation and 

emission wavelengths of GCaMP, visualized in Figure 3 below49.  

 

Figure 3: Absorption spectra of oxygenated (HbO) and deoxygenated (HbR) hemoglobin against the excitation and emission 
peaks of GCaMP fluorescence. Source: Valley et. all49 
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Both oxygenated and deoxygenated hemoglobin can take part in absorption. As stated, when the 

brain is stimulated, oxygenation levels increase via neurovascular coupling. The increase in oxygenated 

hemoglobin, through the course of stimulation causes an increase in absorption of the fluorescent 

signal, as can be seen in the uncorrected data in Figure 4 below.  

 

Figure 4:  Sample raw fluorescent and corrected data taken from a mouse undergoing hind paw stimulation, showing that left 
uncorrected, fluorescent signals will decrease over the course of stimulation. Source: Ma et. all55 

 

But as seen in the graph, we can also correct for hemodynamic interference. By using an IOS 

system, the change in oxygenated and deoxygenated hemoglobin concentrations can be calculated. By 

using these changes to correct the collected fluorescent data, a corrected change in fluorescence graph 

can be generated. As such, we aim to use the same method of correction on our own fluorescent data to 

correct signals.  

This thesis aims at the development and optimization of an intrinsic optical imaging (IOS) system 

that, when integrated with a fluorescence widefield imaging system, can be used to calculate the 

concentration of hemoglobin in the blood, which can then be applied to hemodynamic correction.  
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3.7 THESIS OBJECTIVES 

The original objectives of this thesis were to develop a method by which widefield GCaMP 

imaging of a mouse cortex could be appropriately corrected by using hemodynamic imaging using an IOS 

imaging system. The IOS system would first be validated by building and using a piezoelectric system for 

somatosensory stimulation. The IOS system would then be combined with a fluorescence microscope 

system and used for cortex imaging of the brain.  

The original objectives of the thesis, some of which have had to be revised due to restrictions 

placed on research due to COVID-19 are as follows: 

Objective 1: Piezoelectric Whisker Stimulator Setup (Chapter 4) 

This objective involves the construction and completion of a whisker stimulator. Whisker stimulation is a 

validated method of causing a response in the somatosensory cortex of the brain, and this method will 

be used to evoke the signals collected by the IOS system. 

Objective 2: IOS Setup (Chapter 5) 

This objective involves the completion of an IOS imaging system. The first step is to instrument an IOS 

imaging system. After instrumentation, IOS data will be acquired from a mouse cortex in vivo during a 

resting state. Finally, a MATLAB code will be developed to process the IOS data to obtain hemodynamic 

signals and covert intensity values into changes in oxygenated and deoxygenated hemoglobin 

concentration.  

Objective 3: Advancing the IOS Analysis (Chapter 6) 

Due to restrictions placed on animal experimentation by Brown in light of COVID-19, objective 3 was not 

able to be completed. While the major scope of the thesis has been kept the same, only the third 

objective has been shifted onto advanced IOS data analysis. Typical IOS data analysis is done using two 
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wavelengths (expanded on in Chapter 5 methods). This revised objective focuses on advancing the 

analysis to instead use three wavelengths to see if more accurate data can be obtained.  

Objective 4: Fluorescence microscope construction and Integration of System (revised) 

This objective involves construction and completion of a fluorescence microscope system by which 

GCaMP can be excited, and the emitted fluorescent signals can be detected. Then, the final goal is to 

integrate the IOS imaging system, the GCaMP imaging system, and the piezoelectric stimulation system 

together. Both IOS and GCaMP data will be acquired from the somatosensory cortex of a mouse in vivo 

using piezoelectric whisker stimulation. A MATLAB code will be developed to correct the GCaMP 

fluorescence data using IOS data using calculated hemoglobin concentrations. 

 

 

 

 

 

 

 

 Figure 5: Description of thesis objectives 
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CHAPTER 4: BUILDING A LOW-COST PIEZOELECTRIC WHISKER STIMULATOR 

4 INTRODUCTION 
To ultimately prove that NIR light can stimulate the visual cortex of brain, we plan to use a 

combined GCaMP/IOS imaging system. However, in order to validate the accuracy of this system, we 

must first test it using a previously validated method of stimulation. Whisker stimulation is a method of 

mechanical stimulation that has been used in previous studies56–60. Whisker contact with an object 

causes transduction of the force into an action potential firing in sensory neurons61. Each whisker 

transmits displacement to the primary somatosensory cortex by a synaptic pathway, creating a neuronal 

pathway called the whisker-barrel projection56 

  The piezoelectric stimulator built uses a piezoelectric bender placed in contact with the mouse 

whisker to deflect the whiskers. Piezoelectric benders transduce electrical energy into mechanical 

energy. Layers of piezoceramic sheets on either side of the bender contract or expand based on the 

voltage received, which in turn causes bending of the piezo, detailed in Figure 6. 

 

Figure 6: Bending of a two-layered piezo. Source: Piezo.com62  

 Other types of mechanical stimulation do exist, with one cheap alternative being an air puff 

method. However, this method is difficult to time and control precisely, and delays associated with air 

movement or decline in pressure over distance must be accounted for56. Piezoelectric stimulators allow 

for much more precise control over stimulation and can be targeted to certain whiskers. This chapter 

details the development of a low-cost piezoelectric stimulator.  
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4.1 REQUIREMENTS:  

Detailed below are several requirements needed to have an effective piezoelectric stimulation 

system. 

1. Deflection: The stimulator must deflect the whiskers enough to cause a stimulus response in the 

somatosensory cortex 

2. Control: The stimulator must be controllable and programmable so as to deliver precise 

stimulations within a certain time point 

3. Signal: A smooth change in voltage signal (as opposed to a digital signal) must be sent to the 

stimulator, to prevent damage to the piezoelectric bender  

4. Robustness: The stimulation system must not by moved by external forces during the 

experiment (i.e. piezobender forces) 

5. Cost: The stimulator must be low-cost. Components for a piezoelectric stimulation system can 

easily be extremely expensive, and so a primary goal was to make the stimulator as cheap as 

possible 

4.2 METHODS  

4.2.1 CIRCUIT 

PIEZOELECTRIC BENDER 

              The chosen piezoelectric bender was a compromise between cost and range. Many piezoelectric 

stimulators that provide a higher range of motion can cost $700+. The chosen bender (Thorlabs 

PB4NB2W) provides up to 450µm of movement in either direction at a low cost. While a higher 

amplitude of motion has been noted to provide better data57, stimulation of the cortex has been 

observed even using 250µm of movement56. While it is possible to move the bender in two directions, 

for stimulation purposes only one direction of bending was necessary.  
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PIEZOELECTRIC DRIVER 

             Benders typically require high voltages to operate. As such, a main component of the circuit is 

providing enough voltage to the bender. The Thorlabs PB4NB2W requires up to 150V for full range of 

motion. There were multiple possible power supply options. These included using a high voltage linear 

DC power supply, a single channel dynamic piezo driver, or using a generic amplifier to achieve the 

necessary voltage. Different options had different tradeoffs to use. Using a linear DC power supply 

would require a triggering mechanism or high voltage relay to control the voltage output, and by 

extension piezo motion. In addition, a high voltage relay typically outputs square waves, which do not 

provide the smooth change in voltage needed for the piezoelectric bender. Using a generic amplifier 

presented a cheap but less reliable option. A generic amplifier would not account for piezo-specific 

needs, such as the accounting for potential for voltage pushback from the piezo. Therefore for its 

reliability, a single channel dynamic driver was used.  

While piezo specific drivers can easily reach up to $1000, the precision they provide was not 

required for our purposes, so the BD200 piezoelectric driver (Piezo Drive) was used to power our 

bender. The driver takes a 0-3V input and then converts it into a 0-200V output to the bender. A low-

cost benchtop DC linear power supply (TACKLIFE) was used to provide the 24V needed to power the 

piezoelectric driver.   
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PIEZOELECTRIC CONTROL 

An NiDAQ was used as the input to the piezo driver to allow for precision control of the bender 

for timing. By using a triangle wave analog output from the DAQ, the voltage could be smoothly ramped 

from 0-3V. A LabVIEW script was used to control the output from the DAQ to allow for precise timing. 

The circuit diagram can be seen below.   

 

 

Figure 7: Circuit diagram of piezoelectric stimulator. A 24V power supply powers the BD200 piezo electric driver. A 0-3V input 
from Input 1 (NiDAQ) is converted by the BD200 to a 0 – 150V output over the top layer of the piezo, which, when the bottom 

and middle layer are connected to ground, is translated into bending in a single direction. 

Finally, the circuit was soldered onto a DOT PCB board so it could be retained permanently for future 

usage.  

4.2.2 FRAMEWORK 

The experimental rig was custom designed and 3D printed. Three main components were 

designed, as can be seen in Figure 6 below.  

Component 1: A joint holder for the DOT PCB board and the BD200 driver. The holder allowed for 

movement of the board without disconnecting wiring/crucial components, while also encapsulating the 

BD200 driver to minimize human contact with the high voltage components of the device.  
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Component 2: A holder for the piezoelectric bender. The holder stretched only as far as the inactive 

area of the bender, so as to prevent interference with the bending elements. The bender was glued onto 

the holder at its inactive section. 

Component 3: A base part, printed to hold the bender in place. In order to keep this base part from 

moving during stimulation, a second, higher density layer was printed with higher infill to keep the part 

steady as the piezo moved and attached to the bottom.  

 

Figure 8: Design of the piezoelectric stimulation system. (1) The holder for the circuit board and the piezoelectric driver, designed 
to keep both elements steady and in place during experimentation. (2) The piezoelectric bender holder, attached to the bender 
to allow for bending motion without additional movement. (3) The base, holding the piezoelectric bender up at an appropriate 

height for it to be attached to the mouse whisker. 

For attachment of the mouse whisker to the bender during experimentation, a glass capillary tube 

was attached to the bender. A thread is inserted through the tube. During experimentation, the thread 

is looped around the whisker, and then pulled back into the tube for stimulation.  
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4.3 COST BREAKDOWN 

The total cost (broken down by component in Table 1) of the device is about $250. This can be 

considered low-cost, considering that a higher-end piezoelectric bender (PICMA® PL127.11/140.11) can 

cost $400+ and a piezoelectric actuator amplifier (PICMA® LVPZT-Amplifier) can cost as much as $1400+.  

Component Manufacturer Price 

Piezoelectric Bender: Thorlabs 

PB4NB2W 

Thorlabs $66.84 

BD200 Dual-Channel 200V 

Amplifier 

PiezoDrive $88.00 

DOT PCB Board Set AUSTOR $16.00 

DC Variable Power Supply TACKLIFE $67.97 

Glass Capillary Tubes Kimble Chase $8.95 

  Total: $247.76 

Table 1: Cost-breakdown of piezoelectric stimulation system.  

4.4 DISCUSSION AND CONCLUSIONS 

Piezoelectric whisker stimulation systems have the benefit of precise control and targeting. This 

section details the construction of a simple, low-cost piezoelectric stimulation system that can be used 

in conjunction with hemodynamic imaging. We can afford to make the system low-cost because we 

image the cortex from a more surface level. If a more targeted imaging system (such as two-photon 

microscopy) was being utilized, or if certain neurons were being targeted for recording, higher precision 

instrumentation would be necessary. When looking at cost, one item of note is that the NiDAQ and 

associated LabVIEW program used to control the input signal to the piezoelectric driver had already 

been purchased by the lab previously, as so was not factored into the costs. If purchasing the NiDAQ was 
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necessary, that would drive the cost up. However, alternative input signal sources could be explored, as 

mentioned in Chapter 4.3.1. Another lower cost alternative is to reduce and control power from a power 

outlet as outlined by Galvez et. all56. A rheostat was used to reduce current, while a 5V DC miniature 

solid state relay was used to gate the voltage, controlled by a LabVIEW program, bypassing the need for 

both the NiDAQ input and a piezoelectric amplifier, providing a potentially cheaper alternative.  

While the piezoelectric whisker stimulation system worked by itself, research restrictions 

prevented integration and testing with the IOS system. Thus, during experimentation, stimulation 

frequency, stimulus duration, and amplitude of the signal sent to the piezo (which in turn controls the 

range of motion of the signal) will need to be optimized to see what allows for the best signals. 
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5 CHAPTER 5: IOS INSTRUMENTATION AND IMAGING  

5.1 INTRODUCTION 

Intrinsic optical signal (IOS) imaging is a method by which changes in optical diffuse reflectance of 

the cortex can be linked to neural activity. When light enters the brain, it scatters, and exits from the 

same surface to be detected by the camera55. When neural activity occurs, the intensity of the reflected 

light will generally change in the region of the brain where this neural activity is occurring. Part of this 

absorption has been attributed to the total hemoglobin concentration (HbT), which can itself be split 

into the changing concentrations of oxygenated (HbO) and deoxygenated (HbR) hemoglobin in the 

blood62. Delivery of oxygen to brain tissues requires the conversion of HbO to HbR, and variations in the 

concentrations of these two proteins also changes the absorption properties of blood50.  

In IOS imaging, the cortex surface of interest is illuminated with different wavelengths of light to 

collect intensity data. Due to the different absorption spectra for both oxygenated and deoxygenated 

hemoglobin, the specific wavelength of light used can have a significant effect on the results received63. 

Certain wavelengths are more preferential to HbO, while others are more preferential to HbR. Green 

light (530nm) is an isosbestic point in the absorption spectra, such that both HbO and HbR have the 

same absorption values, making the reflectance data of this wavelength sensitive to changes in total 

hemoglobin and blood flow. Red light (625nm) is most sensitive to HbR, while blue light (470nm) is more 

sensitive to HbO55. The intensity data collected from these wavelengths can be used to calculate the 

concentration of HbO and HbR. 

This chapter examines the instrumentation of the IOS imaging system and validation of the 

analysis code. After the IOS system was instrumented imaging was subsequently performed on a resting 

animal to test the system. Demonstration of how changes in HbO and HbR can be calculated is shown 



 
 

 
5—25 

using previously collected hemodynamic data taken of a mouse stimulated by an air puff whisker 

stimulation system.  

5.2 METHODS 

5.2.1 ANALYSIS OF HEMODYNAMIC DATA: BEER’S LAW: 

Analysis of hemodynamic data can be done based off a modification of Beer’s law. Beer’s Law, in 

a non-scattering medium, can be written as: 

 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1: 𝐼 = 𝐼0𝑒−𝜇𝑎𝑥  

Where I is the transmitted intensity, and I0 is the is incident light. The optical path length is x, 

and 𝜇𝑎 is the sample absorption coefficient. However when there is significant scattering in a sample, 

light attenuation becomes a factor of both the absorption and the scattering64. Incident light becomes 

scattered in the brain, affecting the pathlength of a photon through the medium. Additionally, scattering 

creates uncertainty as to the spatial properties of a photon of light (i.e. where it entered the brain and 

where it visited), and affects the photons detected by the camera, as not all emitted photons will be 

detected in the field of view of the camera due to the spatial redistribution from scattering55. This 

uncertainty, while not precisely quantifiable, can be estimated by a modification on Beer’s Law, giving: 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2: 𝐼 = 𝐼0𝑒−𝜇𝑎𝑋+𝐺 

Here, X now represents a scaling of pathlength x by some factor to account for the longer 

distance travelled by the photon, and G represents the geometric factors that cause uncertainty in 

exactly how many of the exiting photons were detected by the camera. G can be accounted for by 

dividing by the intensity at time = 0. Following the methods outlined by Ma et. all (2016)55, further 

modifications by accounting for time and wavelength, yields an equation for the absorption coefficient: 
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𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3: ∆𝜇𝐴(𝑡, 𝜆) =  
−1

𝑋(𝜆)
ln (

𝐼(𝑡, 𝜆)

𝐼0(𝑡, 𝜆)
) 

Here, we have the absorption as a factor of the intensity ratio and pathlength. To connect the 

absorption factor to the change in hemoglobin concentration, we can look at an alternate form of Beer’s 

Law:  

𝐴 = 𝜀𝑙𝑐 

Where A is the amount of light absorbed, l is the pathlength, 𝜀 is the molar extinction coefficient 

for the absorber, and c is the concentration of the absorbing species. This equation can also be written 

with respect to time as: 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4: ∆𝐴(𝑡) =  𝜀𝑙∆𝑐(𝑡) 

Now, the left-hand term of Equation 3 is equal to the absorbance (−ln (
𝐼(𝑡,𝜆)

𝐼0(𝑡,𝜆)
), divided by the 

pathlength (X(𝜆)). Therefore, we divide the absorbance A by pathlength l in Equation 4, we arrive at: 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5: ∆𝜇𝐴(𝑡, 𝜆) =  
∆𝐴(𝑡, 𝜆)

𝑙
= 𝜀(𝜆)∆𝑐(𝑡) 

If there are multiple absorbers, as we have in our case (HbR and HbO), then the equation for N 

absorbers becomes: 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6: ∆𝜇𝐴(𝑡, 𝜆) = ∑ 𝜀𝑁(𝜆)∆𝑐𝑁(𝑡)

𝑁

 

Because there are two absorbers of value in blood for our purposes, this becomes: 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7: ∆𝜇𝐴(𝑡, 𝜆) = 𝜀𝐻𝑏𝑂(𝜆)∆𝑐𝐻𝑏𝑂(𝑡) + 𝜀𝐻𝑏𝑅(𝜆)∆𝑐𝐻𝑏𝑅(𝑡) 
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When illuminating with two wavelengths, equations 7 can be split into two equations, one for 

𝜆1 = 70𝑛𝑚 and another for 𝜆2 = 530𝑛𝑚. Solving for our two unknown concentrations with these two 

equations yields: 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 8𝑎: ∆𝑐𝐻𝑏𝑅(𝑡) =  
𝜀𝐻𝑏𝑂(𝜆470)𝜇𝐴(𝑡, 𝜆530) − 𝜀𝐻𝑏𝑂(𝜆530)𝜇𝐴(𝑡, 𝜆470)

𝜀𝐻𝑏𝑂(𝜆470)𝜀𝐻𝑏𝑅(𝜆530) − 𝜀𝐻𝑏𝑂(𝜆530)𝜀𝐻𝑏𝑅(𝜆470)
  

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 8𝑏: ∆𝑐𝐻𝑏𝑂(𝑡) =  
𝜀𝐻𝑏𝑅(𝜆470)𝜇𝐴(𝑡, 𝜆530) − 𝜀𝐻𝑏𝑅(𝜆530)𝜇𝐴(𝑡, 𝜆470)

𝜀𝐻𝑏𝑅(𝜆470)𝜀𝐻𝑏𝑂(𝜆530) − 𝜀𝐻𝑏𝑅(𝜆530)𝜀𝐻𝑏𝑂(𝜆470)
 

We can use equations 8a and 8b with the intensity data collected to calculate these parameters.  

5.2.2 INSTRUMENTATION 

The IOS imaging system was created by fixing a 3-LED controller ring illuminator around a CCD 

camera. A 3D printed piece was designed to keep the ring in place around the camera. The 3-LED 

controller was set to illuminate with lights of wavelengths 470nm, 530nm, and 625nm. A LabVIEW 

program was used to control the illuminator using digital outputs from an NiDAQ. 

5.2.3 IMAGE ACQUISITION 

Imaging was performed using a CCD camera at about 30Hz. NiDAQ controls were used to switch 

sequentially between 470nm, 530nm, and 625nm light (with a 10Hz frame rate for each channel). For 

data where a stimulus was applied, animal whiskers were stimulated for 5 seconds at a frequency of 5Hz 

using an air puff system to induce a response in the somatosensory cortex.  
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5.2.4 ANIMAL PREPARATION: 

The animal was administered 2.5% isoflurane. An area of the skull overlying the somatosensory 

cortex was shaved, and surgical scrub was applied over incision site to prevent contamination. A 2 cm 

midline incision was made on the scalp and the skin and both side of the midline was retracted. A 6 mm 

area of the skull overlying the region of interest of the cortex was thinned with a dental burr until 

transparent (100 μm thickness). The thinned skull was carefully removed over the region of interest by 

cutting the thinned skull with scissors, keeping the dura intact. A well was created around the region of 

interest using dental acrylic, filled with a 1% agarose solution in artificial CSF at the room temperature, 

and covered with a small glass cover slip. With this window sealed by agarose and covered by the cover 

slip, the brain was protected from contamination and dehydration. A metal frame was glued by dental 

acrylic to the exposed skull, used to hold the head and prevent motion during microscopy 

measurements.   

For imaging, the animal was initially administered 3% isoflurane to induce anesthesia, before 

being placed under the IOS system for in vivo imaging. During the imaging session, isoflurane percentage 

was reduced to 1.5% for the duration of the experiment, administered using a nose cone that held the 

mouse in place during imaging. Oxygen saturation, pulse rate, and temperature were continuously 

monitored with pulse oximetry and a rectal probe during the whole surgical procedure and experiment. 

The body temperature was maintained at 37 °C and the pulse rate remained within the normal range of 

250–350 pulse/min. All animal-based experimental procedures were reviewed and approved by the 

Institutional Animal Care and Use Committee (IACUC) of Brown University and Rhode Island Hospital, 

according to the guidelines and policies of office of laboratory animal welfare and public health service, 

National Institutes of Health. 
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5.2.5 IMAGE PROCESSING   

Analysis of images was performed using MATLAB (2018a, MathWorks) on 1288x964 pixel 

images. The initial data array was split up into three separate arrays, one for each wavelength used for 

illumination along with their corresponding time points. Each data set had 5 trials (multiple points of 

stimulation). A baseline response was created by averaging initial frames up until the first point of 

stimulation. The responses for each of the 5 trials in the experiment were taken and averaged together 

to create an average stimulus response that was then divided by then divided by the baseline to create 

the fractional change from the resting point. These fractional changes were equivalent to 
𝐼

𝐼𝑜
. Using 

Equation 3, we can calculate 𝜇𝐴 at the desired wavelength. Values for the pathlength X have been 

estimated in previous studies using Monte Carlo simulations65, and the values by wavelength can be 

found in the methods described by Ma et. all55. The values used were: X470 = 0.526691 and X530 = 

0.371713.  

Calculated values of 𝜇𝐴 for both wavelengths were used to solve Equations 8a and 8b. Values of 

molar extinction coefficients from a standardized list were used (units in cm-1/M)66 : 

𝜀𝐻𝑏𝑂(𝜆470) = 33209.2, 𝜀𝐻𝑏𝑅(𝜆470) = 16156.4, 𝜀𝐻𝑏𝑂(𝜆530) = 39956.8, 𝜀𝐻𝑏𝑅(𝜆535) = 39036.4. 

              ∆𝑐𝐻𝑏𝑂  and ∆𝑐𝐻𝑏𝑅(𝑡) was calculated for each pixel, before being averaged to create a mean 

change in concentration value per absorber for each time point.  
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5.3 RESULTS 

5.3.1 INSTRUMENTATION TESTING: RAW IMAGES 

To test the IOS system, images were taken of the somatosensory cortex of the mouse at rest, seen in 

Figure 9. Images of the brain can be seen, illuminated with 470nm, 530nm, and 625nm light, with 

vascular structures in black.  

 

Figure 9: In order: Raw, 470nm, 530nm, and 625nm images of the cortical window of the resting animal, taken as an initial test 
of the IOS imaging system. 

 

Due to research restrictions placed by COVID19, it was not possible to use the system while stimulating 

the animal. The proceeding sections examine analysis methods for IOS data collected previously using a 

different method of whisker stimulation, air puff stimulation.  
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5.3.2 PROCESSED REFLECTANCE  
 

Reflectance images from both the 470nm and 530nm wavelengths can be seen in Figure 10 

below. The raw intensities captured by the camera were processed using the methods described in 

Section 5.2.5. Areas with darker reflectance correlate to an increase in the concentration of an absorber 

at that location, which we theoretically assume to be hemoglobin. These concentrations are noted to be 

generally increasing during and post-stimulus for both wavelengths.  

 

Figure 10: Processed reflectance images for 470nm and 530nm wavelengths. The shaded area between the green lines indicates 
the duration of stimulation. Percent reflection decreases across stimulus duration.  
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5.3.3 DETERMINING HEMOGLOBIN CONCENTRATIONS 
 

Spatial Profile of Hemoglobin Concentration Change 

 Using the equations described in 5.2.1 and the image processing described in 5.2.5, the 

reflectance data from Figure 10 can be solved at each pixel for a change in oxygenated hemoglobin 

concentration (HbO) and a change in deoxygenated hemoglobin concentration (HbR). HbO 

concentration change is visualized in Figure 11 below. Increases in HbO concentration change were 

visualized by brighter areas along the maps. Using a spatial profile, certain vascular structures were 

identified, noted in the figure. Based on literature, structures showing high change in HbO were 

assumed to be arteries, while structures showing little change in HbO were assumed to be veins55.  

 

Figure 11: Spatial profile HbO concentration changes, starting from t = -2s, with the stimulus applied at t = 0s. Spatial location of 
HbO changes can be used to identify arteries and veins, noted in the figure. The peak of HbO concentration occurs at 10s, about 
5 seconds after the stimulus is applied.  

Visualized changes in HbR concentrations can be seen in Figure 12 below. Slight increases in HbR were 

seen throughout the course of the experiment. Localized changes in HbR were pinned down in the veins. 
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However, HbR activity was also noted in the arteries, which was not according to expected behavior, as 

no change in HbR would be expected in arteries carrying mainly oxygenated blood.  

 

Figure 12: Spatial profile HbR concentration changes, starting from t = -2s, with the stimulus applied at t = 0s. Spatial location of 
HbO changes can be used to identify arteries and veins, noted in the figure. HbR activity can be visualized, as expected, in the 
veins. However, HbR activity is also visualized in the arteries, which is atypical.  
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Temporal Profile of Hemoglobin Concentration Change  

The change in concentrations across a spatial profile was averaged at each time point (each 

individual frame) to create a temporal profile of averaged data, seen in Figure 13 below. During the 

stimulus period (shaded light grey), we see that hemoglobin concentrations trended upward. HbO 

(oxygenated hemoglobin) concentrations rose during the stimulus and hit their maximum at t=10s 

before decreasing again. HbR (deoxygenated hemoglobin) concentrations showed a slight decrease post 

stimulus before increasing and continuing to rise.  

 

Figure 13: (Left) Raw image of the tested area. Averaged collected intensity values using the 470nm and 530nm wavelengths 
were used to calculate HbO, HbR, and HbT concentrations. (Right): Calculated hemoglobin concentrations are plotted against 
the 15 second duration of the experiment using an average of 5 trials. Shaded gray area indicates the time of stimulus (air puff 
stimulation of the animal whisker, applied for 5 seconds at 5Hz). Data from -2 to 0 seconds was used to create a baseline 
intensity. 
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5.4 DISCUSSION 

When comparing processed results to expected results, we see promising patterns that validate 

the analysis process. After stimulation, typical hemoglobin concentration changes show an increase in 

oxygenated hemoglobin and a decrease in deoxygenated hemoglobin concentration, both changing a 

short delay after the stimulus is applied, an example of which from literature is shown in Figure 14a 

below50,67.  

We can see this expected behavior in oxygenated hemoglobin (Fig.9). However, of note is the 

relative lack of change in deoxygenated hemoglobin concentration. This could be due to physiological 

data contamination. However, it could also be a function of the specific area imaged. The specific 

behavior of types of hemoglobin have been shown to vary with the vascular compartment of interest55. 

Arterioles will tend to have larger increases in HbO concentrations with little to no change in HbR 

concentrations, and diameter increases can cause a change in HbT, an example of which from literature 

can be seen in Figure 14b below. This behavior is very similar to the analyzed data in Figure 13, which 

shows large increases in HbO with little change in HbR, suggesting that our imaged field of view likely 

contained a large artery which contributed significantly to our collected light intensities. While the 

collected results do not show the same decrease in HbO and HbT concentrations shown in 14b (after the 

15 second mark), it should be noted that the time-scale of the figure is 20 seconds, while the collected 

data was only on a 15 second time scale. If further time was allotted for the experiment, we might have 

seen a similar response, especially as a downward trend in HbO and HbT changes could be seen at the 

end of the experiment.  

 

 



 
 

 
5—36 

   

Figure 14: a) Ideal changes in hemoglobin species in response to neurovascular coupling as a result of neural activation. A large 
increase in HbO can be seen as well as a decrease in HbR. Source: Scholkmann et. all, 201468 b) The typical hemodynamic 
response of a large arteriole in response to neural activation. Large increases in HbO with little change in HbR can be observed, 
which matches the behavior of the collected data. Source: Ma et. all, 201655  

There are some discrepancies between ideal behavior and what was seen, such as the discussed 

minimal change in HbR. There appears to be some amount of crosstalk between the wavelengths of 

light. Such crosstalk has been noted in literature and has been thought to be a factor of either incorrect 

pathlengths, or suboptimal wavelength pairs71.  As shown in Figures 11 and 12, we see changes in 

oxygenated hemoglobin and deoxygenated hemoglobin in the same vascular structures, which we 

would normally not expect to see as vascular structures tend to carry either mainly oxygenated or 

deoxygenated blood. The much larger increase in HbO suggests that this vascular structure is an artery. 

It is likely that the change in HbR being noted is actually HbO change being miscalculated as an HbR 

change, an ‘HbO noise’ in the results so to speak. The use of the HbO sensitive 470nm wavelength, along 

with the possibility of a large artery contributing to significant HbO response, could be responsible for 

the observed noise.  

5.5 CONCLUSIONS 

The result of the resting mouse somatosensory cortex provided an initial demonstration of 

capability. For examining previously collected data that used an alternate form of whisker stimulation, 

we used a modified form of Beer’s Law to convert the reflectance values collected by the camera into 

changes in HbO and HbR concentration. Examining the temporal and spatial changes in hemoglobin 

(b) 
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concentration, as well as wavelength reflectance data shows consistent trends that, barring some 

physiological disturbances, match those reported in the literature, validating our analysis process. 

Future research, when restrictions are lifted, would integrate these two systems and perform the 

analysis shown above on the data collected using the piezoelectric whisker stimulation system 

(Objective 4). Ultimately, the concentrations calculated by these methods will be necessary for 

hemodynamic correction of fluorescent signals.  

As was noted, HbO changes seem to dominate the intensities collected from both wavelengths, 

resulting in HbO noise factoring into HbR changes. Chapter 6 will examine a method by which this HbO 

noise might be reduced by also including intensity data from 625nm light in our calculations.  
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6 CHAPTER 6: OPTIMIZING THE IOS ANALYSIS WITH MULTIPLE WAVELENGTHS 

6.1 INTRODUCTION 

The method of IOS imaging explored in Chapter 5 uses a two wavelength analysis, specifically the 

470 and 530nm wavelengths. Minimally, only two wavelengths are required to calculate the change in 

HbO and HbR concentrations. Some methods have used only the 530nm wavelength to represent HbT 

concentration changes, though this method is particularly susceptible to alterations of hemodynamic 

responses by anesthesia and by compromised hyperemic responses50. As mentioned, 470nm light is 

most sensitive to changes in oxygenated hemoglobin, while 530nm light is isosbestic, and therefore 

equally sensitive to both oxygenated and deoxygenated hemoglobin. As seen in Chapter 5, using just 

these two wavelengths risks weighting the results towards the concentration of oxygenated 

hemoglobin, particularly if the deoxygenated hemoglobin response is small. A multiwavelength analysis 

that also incorporates red light illumination, which is more sensitive to deoxygenated hemoglobin 

concentrations, could result in more accurate concentrations of oxygenated and deoxygenated 

hemoglobin. This section details the development and application of a multiwavelength analysis method 

that incorporates a 625nm wavelength and its potential use in correcting fluorescent signals.  
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6.2 METHODS 

6.2.1 LEAST SQUARES FIT 

This method builds on the Beer’s Law modification detailed in Chapter 5.2. The modification for 

multiwavelength analysis from Equation 7, which calculates the absorption coefficient as a factor of 

wavelength and time states: 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7: ∆𝜇𝐴(𝑡, 𝜆) = 𝜀𝐻𝑏𝑂(𝜆)∆𝑐𝐻𝑏𝑂(𝑡) + 𝜀𝐻𝑏𝑅(𝜆)∆𝑐𝐻𝑏𝑅(𝑡) 

When doing a two-wavelength analysis, we can create two equations:  

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 9𝑎: ∆𝜇𝐴(𝑡, 𝜆470) = 𝜀𝐻𝑏𝑂(𝜆470)∆𝑐𝐻𝑏𝑂(𝑡) + 𝜀𝐻𝑏𝑅(𝜆470)∆𝑐𝐻𝑏𝑅(𝑡) 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 9𝑏: ∆𝜇𝐴(𝑡, 𝜆530) = 𝜀𝐻𝑏𝑂(𝜆530)∆𝑐𝐻𝑏𝑂(𝑡) + 𝜀𝐻𝑏𝑅(𝜆530)∆𝑐𝐻𝑏𝑅(𝑡) 

Equations 9a and 9b can be rewritten as a linear system of equations: 

Equation 10: [
 ∆𝜇𝐴(𝑡, 𝜆470)

∆𝜇𝐴(𝑡, 𝜆530)
] =  [

𝜀𝐻𝑏𝑂(𝜆470) 𝜀𝐻𝑏𝑅(𝜆470)

𝜀𝐻𝑏𝑂(𝜆530) 𝜀𝐻𝑏𝑂(𝜆530)
] ⌊

∆𝑐𝐻𝑏𝑂(𝑡)

∆𝑐𝐻𝑏𝑅(𝑡)
⌋ 

A third equation for the third wavelength (𝜆 = 625𝑛𝑚), can then be added to this matrix. This same 

process would apply to any additional wavelength as well.  

Equation 11: [

 ∆𝜇𝐴(𝑡, 𝜆470)

∆𝜇𝐴(𝑡, 𝜆530)

∆𝜇𝐴(𝑡, 𝜆625)
] =  [

𝜀𝐻𝑏𝑂(𝜆470) 𝜀𝐻𝑏𝑅(𝜆470)

𝜀𝐻𝑏𝑂(𝜆530) 𝜀𝐻𝑏𝑅(𝜆530)

𝜀𝐻𝑏𝑂(𝜆625) 𝜀𝐻𝑏𝑅(𝜆625)
] ⌊

∆𝑐𝐻𝑏𝑂(𝑡)

∆𝑐𝐻𝑏𝑅(𝑡)
⌋ 

With three equations and two unknowns, this is an overdetermined system of equations. A 

least-squares fit, a method of regression analysis, can then be used to approximate the solutions for 

HbO and HbR concentrations69. 

Molar extinction coefficient values used were 𝜀𝐻𝑏𝑂(𝜆625) = 732, 𝜀𝐻𝑏𝑅(𝜆625) = 5763.4, and     

X625 = .45224. The HbO molar extinction coefficient used was from a table of tabulated values70. For the 
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HbR molar extinction coefficient and the pathlength X625 (which is needed to solve for  𝜇𝐴(𝑡, 𝜆625)), no 

published data was available for the 625nm wavelength. However, data was available for 624nm and 

626nm wavelengths, and so an average was taken between the available wavelengths for both values.  

6.2.2 MATLAB PROCESSING 

MATLAB processing was performed according to the methods detailed in Chapter 5 Methods. 

Average intensity values were calculated for each wavelength by dividing the stimulus response by the 

baseline response, as mentioned. The resulting three matrices became the starting point for the 

multiwavelength analysis. The least squares fit calculations was applied across every pixel in the frame. 

The absorbance for each wavelength at one pixel was moved into a temporary system of matrices, 

according to Equation 11. A least squares fit was calculated, generating a change in concentration for 

HbO and HbR, before emptying the array and moving to the next pixel. Change in concentrations for 

both types of hemoglobin were then added to their own arrays, generating two arrays with 

concentrations changes. The average concentration change was then calculated for each time frame.   

6.2.3 ANIMAL PREPARATION AND IMAGING 

Animal preparation and imaging for the previously collected data were performed according to 

the methods detailed in Section 5.2.4.   
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6.3 RESULTS 

6.3.1 625NM LIGHT REFLECTANCE PROFILES 

A comparison of the reflectivity of all three wavelengths is visualized in Figure 15 below. An increase in 

reflectance can be visualized across the vein in the 625nm light, marked as a region of interest below. 

An increase in reflectance can be associated with a decrease in absorber concentration, in this case 

theoretically the HbR concentration. However, this reflectance can only be visualized on a small scale    

(0 to .12%). Additionally, for the 625nm light, at t = 5s a marked dip in reflectance in the background 

around the vasculature can be seen compared to the t = 0s and t = 10s timepoints around it.   

 

Figure 15: Processed reflectance images for 470nm, 530nm, and 625nm wavelengths. Stimulus was applied at t = 0s for a 
duration of 5 seconds. An increase in reflectance can be seen for 625nm light in the marked region of interest (red box), and a 
dip in background reflectance around venous vasculature can be observed in 625nm light at t = 5s.  
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To further characterize the dip in reflectance noted above, the reflectance profiles of all the 

wavelengths were plotted temporally by taking the average reflectance at each time point, seen in 

Figure 16 below. Wavelength reflectance of 625nm light increases over the course of stimulation 

(marked by the shaded gray area). However, almost directly after the stimulus (t = 5.14s), 625nm 

reflectance decreases significantly. This dip in 625nm reflectance aligns with a dip in 470nm and 530nm 

reflectance. As noted in Figure 15 the spatial profile for 625nm light at this time, t = 5s, shows a 

decrease in background reflectance. As the temporal wavelength is taken as an average of the entire 

frame, it is likely that increase in reflectance seen in the vein at that point was dominated by the 

decrease in general background reflectance. Thus, when an average was taken, the background 

decrease caused the overall average to drastically drop.  

 

 

Figure 16: Comparison of reflectance values for three different wavelengths (470nm and 530nm reflectances following the left 
axes, 625nm reflectance noted on the right axis). During stimulation period, 470nm and 530nm wavelengths show decreasing 
reflectance, while 625nm wavelength shows increasing reflectance. 625nm reflectance shows a sudden decrease post-stimulus 
that aligns with dips seen in 470nm and 530nm reflectances as well. 
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6.3.2 MULTIWAVELENGTH METHOD SHOWS LOWER HBR CONCENTRATIONS 

HbO, HbR and HbT concentrations were recalculated using the least-squares method and 

compared in Figure 17 below to results from the two wavelength analysis method. HbT showed a 5% 

average decrease in change in concentration using a multiwavelength analysis. A greater shift was seen 

in the change in HbO concentration, which increased by an average of about 13%. General trends of 

wavelength activity remain the same in either analysis case.  

 

Figure 17: Left: Calculated hemoglobin concentrations using the three wavelength analysis are plotted against the 15 second 
duration of the experiment. Data from -2 to 0 seconds was used to create a baseline intensity. Right: Calculated hemoglobin 
concentrations using the two wavelength analysis detailed in Section 5 methods for comparison. An average of 5 trials was used 
for each. While general trends remain the same between both kinds of analyses, differences in trends can be seen when looking 
at increased HbO concentrations, and a decrease in HbR concentration 
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More notable changes can be seen examining HbR concentrations. As seen in Figure 18 below, 

HbR concentrations are lower overall when calculated with a three wavelength analysis. Figure 18 shows 

a comparison between calculated HbR concentration changes using a two and three wavelength analysis 

method. While a post-stimulus spike can be seen in both analyses (at t = 5s), the multiwavelength 

method showed a sharper peak and subsequent drop compared to the two wavelength method. With 

the two wavelength method, HbR concentration displayed a sharp increase in concentration again at 

around the t= 6s mark and continued to rise post-stimulus. In comparison, the three wavelength method 

did not show this sharp increase and did not show the general rise in HbR concentration seen with the 

two wavelength method.  

 

Figure 18: A comparison between HbR concentration change trends between a two and three-wavelength analysis. Areas 
showing different behavior are noted. Overall HbR concentration changes are lower when calculated with the three-wavelength 

analysis method. The end-of-stimulus peak is higher in the HbR change calculated by the three-wavelength analysis. HbR 
wavelengths in a two wavelength analysis show a post stimulus increase that is not calculated by the three wavelength analysis. 

Shaded area indicates whisker stimulation of animal (duration of 5 seconds, frequency of 5Hz) 
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The changes in HbR concentration can be represented by a spatial profile. Figure 19 visualizes 

the spatial profile of HbR concentration changes at three timepoints for both methods of analysis. The 

two wavelength analysis shows widespread HbR concentration changes. However, in the three 

wavelength analysis, HbR change is much more localized to the venous structures.  

 

Figure 19: Spatial profile of change in HbR concentrations calculated from a two wavelength analysis method (top row) and a 
three wavelength analysis (bottom row), at time points t = 0s (stimulus start), t = 5s (stimulus end) and t = 10s (HbO 

concentration peak). When using 3 wavelength analysis, vasculature shows overall smaller increases in HbR concentrations. 
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6.4 DISCUSSION 

6.4.1 625nm wavelength absorption shows sensitivity to changes in deoxygenated hemoglobin 

concentrations 
The value of including a third wavelength in hemodynamic data analysis can be first established 

by the showing the sensitivity of the 625nm wavelength to HbR concentrations. As noted in Figure 15, 

there was an increase in reflectance of 625nm light in venous vascular structures throughout the course 

of the experiment. Physiologically, we expect to see a decrease in HbR concentration in venous 

structures as oxygenated blood rushes into the system. The rise in 625nm light reflectance, specifically 

over the vein throughout the course of the experiment, signifies a decrease in HbR concentration across 

the vascular structure. However we do not see a decrease in HbR concentration with a temporal profile 

for either analysis method, even though we can visualize a decrease in concentration with the spatial 

profile. As noted, 625nm reflectance changes could only be visualized on an extremely small scale, 

suggesting that red light is poorly absorbed by the cortex. The 625nm reflectance change in response to 

HbR concentration change could also have been overshadowed by reflectance change in response to 

much stronger HbO concentration changes (explored further in 6.4.3).  

6.4.2 Using a 625nm wavelength reduces the dominating effect of HbO concentration changes 
Using the three wavelength analysis, HbR concentration changes are overall lower. Additionally, 

these concentrations do not increase post-stimulus, as noted in Figure 18. When examining the HbR 

changes spatially in Figure 19, we see a marked decrease in general HbR levels using a three wavelength 

analysis.  In the two wavelength analysis, we can see the HbO noise discussed in Section 5.5. However, 

inclusion of the HbR sensitive wavelength dramatically decreases the amount of HbO noise seen 

throughout the three wavelength spatial profile. Although changes in HbR concentration can still be 

seen in some arteriole structures, the magnitude of the change is also reduced. HbR changes are also 

noted to be more localized to venous structures where changes would expect to be seen. The increase 

spatial accuracy suggests that the averaged temporal concentration changes for HbR are also likely to be 
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more accurate. Additionally, with less HbO noise the HbR concentrations will overall be smaller, as was 

observed in the results, which also likely brought it closer to the true HbR concentration levels.  

As mentioned, the two wavelength analysis in Figure 18 shows that HbR continues to increase 

post-stimulus, behavior that is not observed in the three wavelength analysis. However, this increase 

occurs along with an increase in HbO concentration changes, which happens as an influx of oxygenated 

blood rushes into the system. Therefore, the reason this increase is seen is likely to be that as HbO 

concentration changes increase, the amount of HbO noise factored into HbR changes in the two 

wavelength analysis increases as well, which will cause the HbR concentration change to increase, 

resulting in the observed behavior post-stimulus. However, when this HbO noise is filtered out with the 

3 wavelength analysis, its effect on HbR concentrations becomes much less prominent. The behavior we 

see of HbR concentrations not rising post-stimulus in the three wavelength analysis is then likely a more 

accurate representation of true HbR behavior. Overall, including the 625nm wavelength into the analysis 

clears up much of the observed HbO noise, leaving what is likely a much more accurate representation 

of HbR concentration changes.  

6.4.3 625nm absorption values can be affected by changes in oxygenated hemoglobin 

concentrations  
Although light of 605-630nm is much more sensitive to HbR concentrations, literature shows that it 

can be sensitive to HbO concentrations as well55,67,71–73. We can also see this represented in the data, 

particularly in reflectance profiles. As noted in Figure 16, a dip in 625nm reflectance can be observed 

post-stimulus that aligns with a dip in HbO concentration change. Given the decrease in background 

reflectance of 625nm at t = 5s in Figure 15, it is likely that this background reflectance change decrease 

is due to the increase in oxygenated blood, which was detected by the 625nm light.  

This sensitivity can have further effects on our calculated oxygenated and deoxygenated 

hemoglobin concentrations. The three-wavelength analysis calculated a larger peak in HbR 
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concentrations at the end of the stimulus than we see using a two-wavelength analysis (Fig. 18). This 

larger increase aligns with an increase in HbO concentrations at that time point (Fig. 17). It is possible 

that the rise in HbR concentration was due to the increased HbO concentration absorbing the 625nm 

light. This would also explain why three-wavelength calculated values of HbO were an average of 13% 

higher than two-wavelength calculated values, because they were bolstered by 625nm light sensitivity. 

While this sensitivity might call into question whether we should include a 625nm light in our 

analysis, we can see that, despite an increase in calculated oxygenated hemoglobin concentrations, 

there was an overall decrease in HbT, suggesting a significant enough decrease in calculated HbR 

concentration to counteract the bolstered HbO concentration. The decrease in total hemoglobin 

concentration brings the results closer in line with the results that we would ideally expect to see.  

6.5 CONCLUSIONS 
Ultimately, we can see that that multiwavelength analysis of hemodynamic data can make a more 

accurate difference in concentration results calculated, even within the limitations of the data set 

available. It is essential to not only examine the temporal profile of concentration changes and 

reflectance changes, but also the spatial profiles as well. We see that 625nm in this case shows poor 

absorption, given the low reflectance changes. Future experimentation would have to explore whether 

this absorbance can be increased by either imaging a different area of the somatosensory cortex, or 

whether changing the stimulation method would have any effect on deoxygenated blood flow. It is 

possible that a stronger stimulus, such as the piezoelectric whisker stimulator discussed in Chapter 4, 

would produce a stronger change in deoxygenated hemoglobin that could be detected by the camera.  
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7 CONCLUSIONS 
The aim of this thesis was to work towards the development of a method to obtain accurate 

fluorescent signals from the animal cortex. Although research restrictions prevented the final objective 

from being completed, the first two objectives and another revised objective were completed. To 

accurately correct fluorescent signals from imaging the animal cortex, three components are necessary, 

a widefield GCaMP microscope, an IOS imaging system, and a method of stimulation. While ultimately 

the integrated system will be used to demonstrate the potential for NIR light to stimulate the visual 

cortex, a literature-validated method of stimulation was first needed to validate integrated GCaMP/IOS 

system. 

 A robust, controllable piezoelectric whisker stimulation system was designed to provide precise 

stimulation for IOS and GCaMP imaging, with the aim of providing strong, reliable signals to collect data 

from. Using an IOS imaging system, the concentrations of hemoglobin that are necessary to correct 

fluorescent signals can be calculated. The analysis methods developed can generate both spatial and 

temporal profiles from the changes in oxygenated and deoxygenated hemoglobin concentrations. By 

using a least-squares fit estimation, a multiwavelength analysis can be performed on collected data. 

While 625nm light shows low reflectance and is susceptible to absorption by oxygenated hemoglobin, 

accounting for this HbR sensitive wavelength in an integrated system could allow for better correction of 

fluorescent signals.  

The next steps would be to integrate the piezoelectric whisker stimulator with the IOS imaging 

system and optimize stimulation parameters until strong signals can be collected for data. Once this is 

achieved, the IOS system can also be integrated with the GCaMP fluorescence imaging system. The 

concentration values calculated by the methods outlined in this thesis can be applied to fluorescence 

microscopy data to correct for hemodynamic interference. Ultimately, these methods will serve as a 
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critical means in validating a novel method of optical stimulation, to show the promise of an effective 

retinal prosthetic. 
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