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Abstract 
In vivo imaging is an important scientific tool for studying bio-molecular 

interactions, but lack of preserved functionality during imaging restricts scientists’ 

abilities to gain critical knowledge. Structure can be preserved while using high-

resolution optical imaging by utilizing window chambers in murine models1, yet the use 

of anesthesia for immobilization is problematic. Anesthesia affects tissue oxygenation2, 

blood cell velocities3, immunosuppression4, and allowable duration of imaging5–thus its 

usage restricts in vivo bio-molecular imaging accuracy and duration.  

Developing a portable imaging system that attaches to murine dorsal window 

chambers enables imaging without anesthesia, avoiding previous drawbacks of window 

chamber models. A raspberry pi camera (RPI-CAM-V2, Raspberry Pi) was modified for 

microscopy and used alongside 3D printed panels for attaching the camera, optical 

filters, and LED light source to murine window chambers. Multiple applications for the 

portable system were developed, each requiring their own setup of filters and 

stimulating LEDs. The system is powered by a Raspberry Pi 3 Model B single-board 

computer (RASPBERRYPI3-MODB-1GB, Raspberry Pi), allowing for stream-lined data 

acquisition.  

Imaging tissue oxygenation was the first application developed for the portable 

system. Oxygen sensing boron nanoparticles were injected into window chambers, 
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while a UV LED was used to stimulate fluorescent and phosphorescent signals. When 

stimulated by UV light, the boron nanoparticles emit fluorescence and phosphorescence. 

Fluorescence is stable regardless of oxygenation, while phosphorescence signal from the 

nanoparticles is quenched in the presence of higher oxygenations. The ratio of 

fluorescence to phosphorescence was used to calculate oxygen concentration maps of 

window chamber tissue. Tissue oxygenations in awake and anesthetized mice inhaling 

varied oxygen concentrations were analyzed. In 5 awake nude mice inhaling 20% O2, 

the median partial pressure of oxygen was measured as 49 mmHg within their window 

chambers. From a one-tailed t-test with a false positive correction, 3 of the mice had 

significantly higher (p ≤ 0.05) tissue oxygenation while anesthetized compared to the 

awake measurements. 

Developing the portable systems ability to image blood cells was another focus 

of this project. Blood cells were visible with white LED exposure. A frame rate of 30 

frames/second was adequate for tracking cell motion while allowing for the highest 

resolution possible with the system. Blood cell velocities in a mouse awake and 

anesthetized were analyzed, while also observing change in blood cell velocities during 

sepsis that was induced by cecal ligation puncture (CLP). Three days after CLP, the 

mean awake blood cell velocity was measured as 0.21 ± 0.03 mm/s, while the mean 

anesthetized blood cell velocity was measured as 0.080 ± 0.002 mm/s. Six days after CLP, 

the awake measurement had reduced to 0.019 ± 0.005 mm/s, while the anesthetized 
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measurement was reduced to 0.031 ± 0.002 mm/s (91% decrease in awake measurement, 

61% decrease in anesthetized measurement). A two-way ANOVA on the factors of 

anesthesia and time post-CLP performed on multiple vessel regions calculated 

significance (p ≤ 0.05) for both of these factors on blood cell velocities within the pilot 

mouse’s window chamber.  

Noting the differences between data collected on awake and anesthetized mice, 

our system has been validated as a tool for real-time imaging of tissue without the 

observed effects of anesthesia. By avoiding anesthesia, the developed device allows for 

continual data acquisition to increase from hours to days.  The system is generalizable, 

and while only two applications are presented in this study, the system could be 

modified for imaging fluorescently labeled cells/proteins for other bio-molecular 

interactions.  
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1. Introduction 
Surgical implantation of window chambers within murine models has enabled 

live-time imaging of in vivo microenvironments. Prior studies with window chambers 

have analyzed data on hemoglobin saturation, blood cell velocities, tissue oxygenation, 

tumor vascular permeability6, angiogenesis factors, and growth/calcification of neonatal 

femora7. While the diversity of studies shows the potential and versatility of this model, 

all have been dependent on the use of anesthesia for immobilizing mice during window 

chamber imaging. Anesthesia alters tissue oxygenation, blood cell velocities and 

adhesion, immunosuppression, while also restricting the potential duration of imaging. 

If mice are kept on anesthesia over several hours, they require additional supportive 

care, or they can die.  

By developing a portable imaging system that connects to murine window 

chambers, a method will be available for diverse optical studies with increased accuracy 

and increased continuous acquisition durations.  

1.1 Dorsal Window Chamber Model 

While the methods utilized for dorsal window chamber surgery are the same as 

in Palmer et al1, they will be briefly summarized here. Dorsal window chambers require 

the removal of a circular region of skin on one side of the murine dorsal flap. Anesthesia 

from an isoflurane vaporizer (Isotec 3, Ohmeda) is used to immobilize mice during pre-

surgery sterilization, and throughout the process. Once placed in the sterile field, 
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sutures are used to spread the dorsal skin onto a custom machined C-holder1. One side 

of the window chamber is pressed on the skin to mark the circular region that will be 

removed for the window. Iris scissors are used to remove the circular skin region, with 

forceps used to locate and cut remaining fascia belonging to the side of skin removed. 

Marks are made in 3 locations where the skin will be punctured to create holes for 

screws that connect the front and back plates of the window chamber. A leather hole 

punch is used to create the holes for the screws. With tissue removal complete, a front 

window chamber plate with screws attached is placed on the front of the dorsal flap. 

The back-window chamber plate is fastened onto the screws with hex nuts. Saline 

solution is used to clean the tissue before placing the glass cover slip on the chamber 

filled with new saline. A retaining ring is placed to secure the glass cover slip. Sutures 

are placed on the top of the window chamber to secure it to the tissue. The original 

sutures used to spread out the dorsal skin are removed, and the mouse is left on a 

heated bed until it is mobile after anesthesia. The figure below depicts a mouse on a 

heating bed while waiting for the effects of anesthesia to wear off.  
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Figure 1: Dorsal window chamber on mouse used for in vivo optical 
measurements of live animals 

1.2 Raspberry Pi  

First sold in 2012, Raspberry Pi’s are inexpensive ($30) micro-computers. Each 

Raspberry Pi has general purpose input/output (GPIO) pins, that allow for creating and 

measuring electrical signals.  

 

Figure 2: Raspberry Pi 3 model B8 used as base for portable imaging system 
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Along with this functionality, Raspberry Pi 3 boards also have camera serial 

interface (CSI) connectors. The ability to control light sources with GPIO pins and utilize 

cameras is what makes the Raspberry Pi an ideal platform to develop inexpensive 

optical imaging equipment. This potential has been recognized, with studies performed 

that verify Raspberry Pi and Raspberry Pi version 2 camera module’s potential for 

scientific quantitative imaging9.  

While the Raspberry Pi v2 camera module initially has a fixed focus distance 

around 1 meter, modifications can be made to increase the distance between the lens and 

CMOS detector array, allowing for a shorter focus distance and higher magnification. 

The figure below in A displays a standard Pi Camera v2 that would have a focus 

distance centered around 1 meter, while B is our modified Pi Camera v2 with a custom 

spacer to increase the lens-detector distance, allowing for a focus distance of ≈ 6mm.  

 

Figure 3: Standard Pi Camera v2 vs modified version with lens spacer for 
microscopy 
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1.3 Boron Nanoparticles  

For validation of the portable imaging system, studying tissue oxygenation of 

awake and anesthetized mice was performed. Measurements of tissue oxygenation were 

made possible by dual emissive boron nanoparticles (BNP) supplied by our collaborator 

Dr. Cassandra Fraser10.  

The BNP are composed of the biopolymer polylactide (PLA) and a difluoroboron 

!-diketonate photoluminescent dye. When stimulated by a UV light of wavelength 

405nm, the BNP emit fluorescence and room temperature phosphorescence. The 

fluorescence signal is stable, regardless of the presence of oxygen; the phosphorescence 

signal is quenched by O2 molecules: as tissue oxygenation increases, the 

phosphorescence signal decreases due to an increased decay rate. Taking the ratio of 

fluorescence to phosphorescence of the BNP solution in vitro at known oxygen 

concentrations allows for creating a batch calibration that correlates imaged fluorescence 

and phosphorescence to oxygen concentrations.  

There are several characteristics of BNP that make them an ideal candidate for 

oxygen measurements. Since oxygen concentration is measured by the ratio of 

fluorescence to phosphorescence, BNP oxygen measurements are independent of 

concentration within the measured tissue. There has been no evidence of acute toxicity 

within in vitro and in vivo models utilizing BNP, suggesting biocompatibility. The 
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produced BNP have diameters ranging from 70-100nm, depending on the batch, which 

allows for uptake within cells and microvasculature being studied.   

When considering calibration, the below figure produced by our collaborators 

who developed BNP demonstrates what one can expect to observe.  

 

Figure 4: Prior BNP batch calibration data11 showing spectral, visible color, and 
peak ratio response to delivery of oxygen concentrations ranging from 0-1% 

In the figure above, a is the emission spectra of a film composed of the same 

materials as BNP undergoing quenched phosphorescence due to increased %O2, b 

shows the color shift of the dual-emissive material when exposed to a stream of N2, and 

c is a calibration correlating %O2 to the ratio of the fluorescence and phosphorescence 

peak values.  

While the calibration above is not for the currently used BNP, it gives guidance 

for how the peak of phosphorescence is expected to decrease, demonstrates how the 

color of signal will shift as oxygen concentration is varied, and demonstrates that the use 

of fluorescence as a reference signal with phosphorescence can produce easily modeled 

calibration curves.  
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It is worth noting that while the unit for oxygenation in the above figure is given 

in %O2, it is also common to record in vivo oxygenation as partial atmospheric pressure 

("#$ in mmHg). Multiplying standard atmospheric pressure by the percentage of 

oxygen provides and approximation of this value (760 mmHg * % O2). The assumption 

being made is that the composition of gas inside the window chamber tissue is the same 

as in atmosphere, which is not correct, but allows for approximation of "#$ without 

knowing the gas composition. Throughout this report %O2 will be frequently used, but 

when possible in figures, both units will be displayed. 

1.4 Blood Cell Velocity Algorithm 

As an additional study to observe the effects of anesthesia on optical imaging of 

murine dorsal window chambers, the portable system was used to image blood cell 

velocities of awake and anesthetized mice. Blood cell flow direction and velocities were 

calculated using a novel algorithm developed by a former member of our group12. 

Videos of blood cells flowing within window chambers were run through the algorithm, 

producing maps that were used to measure the effects of anesthesia on blood cell 

velocities.   

When implementing the blood flow algorithm, one must input the framerate of 

the video being analyzed, the pixel width of the imaging system at the used 

magnification, and the range of frames that will be analyzed within the data (first frame 
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to last frame). The video frames are formatted as a tiff stack before being fed into the 

algorithm.  

During analysis, the velocity algorithm uses Fourier transforms to convert spatial 

domain data into the frequency domain. In the frequency domain, cross-correlation is 

used to identify the offset of clusters of pixels (cells) with similar intensities from one 

frame to the next. With this offset known, the distance between each pixel clusters 

centroid from frame to frame is calculated, allowing for calculation of both the velocity 

and spatial shift in each axis (which are used for generating blood cell velocity maps and 

flow direction maps).  

It is important to note that while the original velocity algorithm had frame 

registration capabilities that could shift frames horizontally or vertically to improve 

alignment, this feature was disabled in favor of a developed pre-processing registration 

that incorporated translation, rotation, and scale shifts as needed (which will be 

discussed within the methods section). 

1.5 Sepsis 

Imaging of blood cells within window chambers was also utilized for acquiring 

data on the effects of sepsis within mice. Sepsis has been defined as a systematic 

inflammatory response syndrome due to infection13, occurring when harmful 

microorganisms enter a human’s/animal’s blood supply, causing the body to react and 

potentially have failure/malfunction of organs.  
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Sepsis is of clinical significance, given that in 2007, 2% of all hospitalizations 

involved sepsis14; at this time the mortality rate ranged from 18-30%. In the US, 9.3% of 

deaths occur in septic patients, with hospital costs of caring for septic patients exceeding 

$16 billion14. With this impact known, further classification and studies of the 

mechanisms of sepsis are of clinical relevance.  

Due to the inflammatory response and activated pathways, vasodilation, and 

coagulation are two outcomes observed from sepsis14. Vasodilation causes the diameter 

of blood vessels to expand, changing the velocities and interstitial pressure, while 

coagulation causes the clumping of blood cells. In our study, we seek to quantify the 

changes in blood cell velocity due to vasodilation and coagulation, while attempting to 

observe changes in coagulation of circulating red blood cells due to sepsis.  

To induce sepsis within the mouse studied, a cecal ligation puncture (CLP) 

procedure15 was performed after window chamber surgery with the intent to cause mild 

sepsis (defined here as a sepsis that the mouse would be expected to recover from within 

1 week). The CLP model of sepsis is widely used and reproducible. 
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2. Methods 

2.1 Portable Imaging System 

Portable imaging was made possible by creating an imaging system based on the 

Raspberry Pi, Raspberry Pi Camera, LEDs, optical filters, and machining/3D printing 

additional components. The portable imaging system in its current form is shown on the 

next page.  

For easy implementation, the portable imaging system was given the Raspberry 

Pi Touch Display (7TOUCH, Raspberry Pi). With a touch screen, it was easy to run 

Python scripts which controlled the Pi Camera and LEDs for imaging. A 3D printed case 

designed by Thingiverse user luc e was modified to enclose the system while also 

allowing for the positioning of the circuit board and rungs for the different LED panels. 

There are currently three 3D printed LED panels attached to the system for different 

imaging applications that will be discussed later.  

Within Figure 1.b, the orange wire connects to a 10 kΩ potentiometer (Heye B103, 

Elegoo) connected to the top of the system, which allows for adjusting the brightness of 

the white LED (941-C513A-WSN-CY0Z0231, Mouser Electronics). This was added to the 

system to allow for modifying the intensity without adjusting the selected framerate and 

resolution during imaging of unlabeled blood cells.  
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Figure 5: Portable im
aging system

 w
ith touchscreen and 3D

 printed 
com

ponents 
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Most GPIO pins on the Raspberry Pi output 3.3V; this voltage was not enough to 

obtain the maximum allowed forward current (25 mA) with the UV LED (5mm-ST-UV, 

Unbranded/Generic, eBay Item #: 231697048967) used for oxygen sensing. To overcome 

this, a 3V electronic switch (G6RL-1A4-ASI, Omron) was placed in-line with the 5V pin 

of the Raspberry Pi. While the 5V pin is always on, the 3V electronic switch to the UV 

LED was controlled by a 3.3V GPIO.  

Lastly, the ribbon cable that came with the Pi Camera for connecting to the 

Raspberry Pi is attached to the system and looped through the slits visible in Figure 1.b. 

For visualization of how the portable imaging system connects to window chambers, the 

below figure is provided to demonstrate the positioning of the camera, filters, and LED 

panel relative to the window chambers.  

 

Figure 6: Portable imaging system schematic for connecting to window 
chambers 

Raspberry Pi

GPIO 3.3V GPIO Ground

Flexible Wire Cable

LED

Band-pass Filter

Connecting Rods
(Camera to LED Panel)

High-pass FilterPi Camera

Ribbon Cable

Window Chamber

Connecting Screws
(Window to LED Panel)
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It should be noted that the above schematic is not to scale; the ribbon cable and 

wires are longer (80cm and 50cm, respectively), with the Raspberry Pi being sizably 

larger than the entire system connected to the window chamber. The table below 

provides the GPIO pins in use, with the Python numbering system utilized (MATLAB 

has a different standard for pin numbering by default).  

Table 1: Raspberry Pi used GPIO pins for powering touchscreen and 
controlling LEDs 

GPIO Pin Use 

2 5V to UV LED 

4 5V to touchscreen 

6 Ground for touchscreen 

7 
3.3V to electric switch controlling 5V path 

to UV LED 

13 
3.3V to white LED, in line with 

potentiometer for variable intensity 

16 3.3V to 550nm (green) LED 

39 Ground for all LEDs 

 

2.1.1 Raspberry Pi Camera 

For imaging with the portable microscope, a Raspberry Pi Camera V2 was used. 

The Pi Camera has a fixed focus distance of 1 meter, but this was modified for the 
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purpose of imaging tissue ≈ 6mm from the camera. A spacer made of black plastic was 

produced by the Duke University Physics Machine Shop that increased the distance 

between the lens and CMOS detector array, bringing the focus to 6mm while also 

increasing the magnification of the system. When imaging at 1640x1232 resolution, each 

pixel is 0.4µm by 0.4µm. This resolution allows for applications of imaging blood cells. 

The spacer used for modifying the Pi Camera was created with additional 

threading above and below the height that allows for 6mm focus distance, allowing for 

adjustments in magnification/focus depth as needed. Inside the spacer the surface was 

bead blasted to diffuse light that could reflect off of the inner walls creating artifacts.  

When controlling the Pi camera, there are several modes it can operate within, 

each allowing for different resolutions, framerates, and fields-of-view. On the next page 

is a table created from the Pi Camera’s online documentation respresenting the 

selectable Pi Camera modes.  

It should be noted that camera modes 2 and 3 are identical; this was a choice 

made by the developers to keep modes from Pi Camera V1 to Pi Camera V2 consistent. 

Longer exposures used to require a different camera mode due to the old hardware, but 

this was overcome by version 2.  
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Table 2: Pi camera V2 operation modes that show possible combinations of 
resolution, framerate, and field-of-view 

Camera Mode Resolution Framerate (f/s) Field-of-View 

1 1920x1080 1/10 – 30 Partial 

2 3280x2464 1/10 – 15 Full 

3 3280x2464 1/10 – 15 Full 

4 1640x1232 1/10 – 40 Full 

5 1640x922 1/10 – 40 Partial 

6 1280x720 40 – 90 Partial 

7 640x480 40 – 90 Partial 

 

When acquiring oxygen concentration data with the Pi Camera, camera mode 2 

was used to allow for higher resolution during imaging with lower framerates. When 

the portable system was applied to imaging blood cells, camera mode 4 was utilized 

since it allows for the highest resolution at 30 frames/second (framerate used for 

videoing blood cell motion), while maintaining the full field-of-view. It is important to 

note that, while each camera mode has a specified resolution, a user can select a 

resolution lower than this value. The system will capture the data at the modes 

resolution and after capture will bin pixels to the requested resolution. This binning can 

also occur later in analysis on data captured and saved at higher resolutions.   
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2.1.2 LED/Filter Panel 

While imaging with the portable system, LEDs are positioned at the back of the 

window chambers, where the dorsal skin is still intact. To keep LEDs in a set location, 

panels were 3D printed. The LED panel dimensions were based on the Pi Camera 

specification sheet and made to match its dimensions and hole locations. By creating the 

panels with holes in the same location as the Pi Camera, the panels are capable of 

connecting to the Pi Camera while on the opposite side of window chambers.  

A hole in the same location as the Pi Camera’s lens/detector array was created on 

the panel for holding LEDs in the center of the field-of-view. Around this hole, a circular 

ridge was designed to position bandwidth optical filters in front of LEDs for the purpose 

of narrowing the range of wavelengths emitted to window chambers. The portable 

system current has 3 LED panels shown in the table on the next page.  

While the first two LEDs in Table 3 have been utilized for imaging vasculature, 

unlabeled blood cells, and tissue oxygenation, the 3rd panel with 555nm LED (696-SSL-

LX5093PGT-TR, Mouser Electronics) has not yet been successfully utilized for imaging 

red fluorescent blood cells. There have been complications in finding a pinhole LED 

with a central wavelength of 555nm that is intense enough to image blood cells at the 

required framerate.  
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Table 3: LED panels identifying colors, emitted wavelengths, corresponding 
filters, and signal type 

LED Panel Color LED Type Filters Used Signal Type 

Gray White None Transmission 

Blue 405nm 

405±20nm Band-pass 

(264805, Chroma) 

450nm High-pass 

(288747, Chroma) 

Fluorescence & 

Phosphorescence 

Orange 555nm 

546±10nm Band-pass 

(287788, Chroma) 

570nm High-pass 

(335693, Chroma) 

Fluorescence 

 

Contrast when imaging with the white LED is based on the attenuation 

coefficients of the different tissue types, while for fluorescence/phosphorescence 

stimulating LEDs, image contrast is based on the intensity of the BNP/red fluorescent 

dye signal relative to the tissue auto-fluorescence. While imaging blood cells with 

fluorescent dye has not been realized due to weak signal, imaging with white light has 

proved adequate for the current application. 

To utilize maximum intensity with the UV and 550nm LEDs, resistors 

(B06XQ28CNV, KNACRO) were soldered in-line with the power supply to the LEDs 
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that allowed for each LED’s maximum forward current to be delivered. Measurements 

of electrical current taken with a multimeter were used as confirmation before soldering 

the resistors into the circuitry.  

2.1.3 General Imaging Procedure 

Python was used for creating acquisition scripts. While there are slight variations 

between acquisition scripts depending on the application, there are several core steps 

that are taken. The user is asked to provide a name for the imaging study, which is used 

to label the folder that all data is stored in. The number of mice, number of 

images/length of videos to acquire, and identifiers for all mice are requested. After the 

initialization information is provided, the script prompts the user to connect the portable 

system to the mouse they intend to image. A live-feed is opened to allow for manual 

adjustment of the focus (by either adjusting the lens spacer or locations of hex nuts on 

the connecting bolts). Once the focus has been set, the script prompts users to connect 

the LED panel/optical filters they will utilize for acquisition. After filters are in place, 

background/auto-fluorescent images are acquired.  

With background images acquired, the next part of the acquisition scripts 

depends on the application. If imaging stimulated BNP, the user will be prompted to 

remove the system and inject BNP into the window chamber; if imaging blood cells, the 

user will be prompted to adjust the white LED intensity as needed. After these steps are 

taken, acquisition will begin. Once images/videos are collected, the acquisition script 
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will request that the system is connected to the next mouse, until all mice have been 

imaged.   

2.2 Oxygen Concentration Imaging 

Measurements of oxygen concentration within murine tissues was one 

application that was developed for the portable system. By utilizing BNP that produce a 

stable fluorescence in the presence of O2, while also producing a phosphorescence that 

is quenched by O2, a probe is available where the ratio of fluorescence to 

phosphorescence can be used to calculate the oxygenation surrounding the BNP. Before 

using BNP in studies, there are two required calibrations: 1. A calibration for converting 

captured RGB images into fluorescence & phosphorescence channeled images and 2. A 

calibration for converting fluorescence/phosphorescence ratios into oxygen 

concentration values.  

2.2.1 Calibrating Boron Nanoparticles 

To implement BNP in an oxygen sensing workflow, it is important to have 

calibrations that correlate stimulated fluorescence and phosphorescence to the oxygen 

concentration surrounding the BNP. For calibration of the BNP with the portable 

system, the below 3D printed holster was developed for easy positioning of a cuvette 

between the stimulating LED and Pi Camera.  
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Figure 7: 3D printed holder for positioning camera, LED panel, and cuvette 
during BNP calibration 

 Before filling the cuvette with BNP, it is filled with DI water and images at select 

shutter speeds are captured as background images to account for noise/auto-

fluorescence of the setup. The DI water is replaced with 900µL DI water and 100µL BNP 

solution. This dilution occurs to conserve the amount of BNP used for calibration.  

Two mass flow controllers (GFCS-010077, Aalborg) that mix O2 and N2 are used 

to deliver different oxygenations. Images of the BNP at several measured oxygen 

concentrations are required for calibration. Confirmation/measurement of the resulting 

gases’ oxygen concentration is performed with a MAXO2 oxygen sensor (OM25ME, 

MaxTec) connected in-line with the gas supply. We utilize oxygenations from 0-20%, 

with a step size of 2%, along with 25%, 30%, 65%, and 100%. Remote mixing of the gases 

utilizing the mass flow controllers was enabled by wiring an Arduino/RedBoard (13975, 
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sparkfun) to both controllers, while connecting the Arduino to a computer running a 

MATLAB App that was developed for enabling remote control of the mixed 

concentrations and flow rate (prior to the development of this setup, mixing occurred 

manually by adjusting potentiometers on each flow controller).  

Parafilm is wrapped on the top of the cuvette to create a seal to decrease room 

oxygenation leakage into the solution. A thin tube of diameter ≈ 2mm punctures the 

parafilm and is placed in the diluted BNP solution for gas delivery. Starting at 0% O2 (or 

100% N2) the gas is delivered to the cuvette for 8min at a rate of 0.2L/min. Once the gas 

delivery has occurred for 8min, a shutter speed is selected with an image preview so the 

maximum intensity without saturation can be used for the capture. The figure below 

shows how the fluorescence and phosphorescence appear when capturing the 

calibration image at 0% O2.  

 

Figure 8: BNP calibration cuvette at 0% O2 stimulated by UV LED 
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In Figure 8, the bright green color given off by the cuvette is expected at 0% O2, 

given that there should be no quenching of the phosphorescence which has wavelengths 

centered around green. As %O2 is increased, the cuvette’s color approaches blue since 

there is less phosphorescence, while the blue fluorescence remains stable. The flow chart 

below demonstrates the core steps of capturing the calibration data.  

 

Figure 9: Calibration acquisition steps required flow chart 

MATLAB was used for creating calibrations based on the obtained cuvette 

images. All images were smoothed by a median filter of 5x5 pixels to reduce noise. 

Background images were subtracted from each calibration image based on 

corresponding shutter speeds used. After background subtraction, an ROI was selected 

based on intensity in the RGB images. Within each ROI, 200 pixels were randomly 

selected for calibration. With 200 randomly selected pixels from all 15 calibration oxygen 

concentrations, all sample pixels were fed into a MATLAB function for parallel factor 

analysis known as PARAFAC16.  

Fill cuvette 
with water

Capture 
background 

images

Fill cuvette 
with BNP 
solution

Wait 8 
minutes

Select 
shutter 
speed

Capture 
image

Set %O2 
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PARAFAC is capable of taking data that is distributed in the red, green, blue 

color channels and calculating underlying factors (in this case, fluorescence and 

phosphorescence) for each pixel, and provides relative color channel loadings for the 

calculated factors. PARAFAC was given the inputs that 2 factors were being looked for, 

and that these factors had to be non-negative at all points. When running PARAFAC on 

the sample pixels for calibration, the outputs are estimates of the fluorescence and 

phosphorescence for each pixel, along with the relative color channel loading matrix. 

The relative color channel loading matrix is the first calibration for the batch of BNP, it 

can be used with in vivo images captured in window chambers to convert RGB images 

into fluorescence-phosphorescence channeled images by running a non-negative linear 

regression on all pixels with the relative color channel loadings matrix.  

 Having obtained the first calibration, the next step is to create the calibration 

that is capable of converting fluorescence/phosphorescence ratios into %O2 values. The 

calculated fluorescence values for all sample pixels were divided by the calculated 

phosphorescence values. Next, the mean fluorescence/phosphorescence ratio for each 

calibration image’s 200 sample pixels was calculated. A quadratic fit of measured %O2 

delivered to the cuvette vs mean fluorescence/phosphorescence was performed. This 

quadratic fit is the second and final calibration for the batch of BNP, capable of taking 

the inputs of fluorescence/phosphorescence for each pixel to calculate the %O2.  
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Each batch of BNP can have variation, because of this, it is important to perform 

the calibration imaging and calculations any time a new batch of BNP is being used. 

Because of this fact, the process for performing calibration was automated by scripts for 

ease of acquisition and calculation, with a few checkpoints to allow for observation of 

the quality of the calibration. When utilizing the MATLAB script for calculation, a figure 

is generated showing the ROI selected for each cuvette image.  

A bar chart of the relative color channel loading matrix is generated to confirm 

that the fluorescence is centered around the blue channel, while the phosphorescence 

should be centered around the green channel. This bar chart is important since 

PARAFAC orders the factors in a column matrix, and the ordering of fluorescence and 

phosphorescence can change based on which one was calculated as having the largest 

contribution (which has been observed to change by batch). If the labeling is flipped 

from expectation, this can be corrected within the script.  

Another figure important for checking the quality of the calibration is the 

fluorescence and phosphorescence vs delivered oxygen plot. Within this figure, it should 

be observed that the fluorescence is relatively stable, while the phosphorescence should 

start out large at 0% O2 and decrease to an asymptote by 100% O2. Another figure 

generated is the plot of delivered %O2 vs fluorescence/phosphorescence. This figure is 

useful for observing error bars to know how certain one can be of measured values, 

these error bars have been as small as ±1%, and as large as ±8%. When these bars are 
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large, this has typically been indicative of not allowing the delivered %O2 to the cuvette 

to equilibrate, or a batch of BNP that has degraded.  

2.2.2 Oxygen Imaging 

Once a batch of BNP has been calibrated, it can be utilized as an in vivo probe for 

measuring tissue oxygenation. For testing of this system, 5 nude mice with dorsal 

window chambers were used. All mice were imaged by the portable system while 

awake and while anesthetized on isoflurane for measuring the impact of anesthesia on 

tissue oxygenation. During these two states of awake vs anesthetized, mice were 

enclosed within an induction chamber so inhaled %O2 could be controlled. Tissue 

oxygenation was imaged while mice inhaled 10%, 15%, 20%, 25%, 50%, and 100% O2 

while awake and on isoflurane. This was performed to observe the impact of inhaled 

%O2 on tissue oxygenation, while also studying if anesthesia impacts the tissue 

oxygenation response.  

When acquiring data for each mouse, the following steps were taken. A mouse 

was placed within the induction chamber and 2% isoflurane mixed with 99% O2 was 

delivered to anesthetize the mouse. Once anesthetized, the portable system was 

connected to the window chamber, and manual adjustment of the focus was performed 

(future development of the portable system methods during blood cell imaging moved 

away from utilizing anesthesia for connecting the portable device; restraining mice for 

the attachment was used instead). A bright field image was acquired, followed by 
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removal of the white LED/gray panel. Filters for UV imaging were added to the holder 

and UV panel, and the system was reattached (it is important to note that hex nuts on 

the bolts are used to keep spacing consistent). With the UV panel and filters attached, 

background/auto-fluorescent images are acquired at select shutter speeds that will be 

available when imaging stimulated BNP.  

Having obtained background images for later subtraction, the system is 

removed. 100µL of BNP solution is pulled into a syringe with a 27-gauge needle. From 

the back of the window chamber where skin is still present, the needle is inserted, with 

care being placed to not puncture a vessel within the chamber. Once the tip of the needle 

reaches the inside of the window chamber where saline solution is present (between the 

tissue and glass coverslip), the BNP is quickly injected. This volume of BNP solution 

causes the skin to form a dome shape on the back of the window chamber, but was 

found to work best with creating a pressurized seal so the BNP did not leak out. The 

figure on the next page shows how the BNP within the window chamber appear when 

stimulated by the UV LED.  

For some mice, the window chamber seal was not holding with the addition of 

injected BNP. Surgical glue was used on the outer edge underneath the front face-plate 

to hold BNP solution inside window chambers with poor seals.  
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Figure 10: Signal from BNP injected into window chamber 

After injecting BNP, the system was reconnected to the mouse. Isoflurane was 

turned off and the induction chamber was left with the lid off to allow for room 

oxygenation of ≈21%. Before imaging, 20 minutes elapsed so BNP could saturate into the 

tissue for imaging while allowing the mouse to recover from being anesthetized. After 

the saturation time, the acquisition script allows the user to select a shutter speed while 

observing image previews. With the shutter speed selected, imaging begins. For the 

oxygen imaging script, there is a user-selected delay between each capture. This delay 

allows for the mouse to breath a selected %O2 for a duration where tissue oxygenation 

equilibrates. For this study, it was observed that 8 minutes was adequate time for tissue 

oxygenation to stabilize.  
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With the mouse awake and the induction chamber lid placed on, the inhaled 

oxygenation was slowly decreased from 20% to 10% over 2 minutes. Once the chamber 

was at 10%, the Python script began acquisition, starting with an 8-minute delay for the 

mouse to breath 10% O2. Once the UV stimulated BNP image was acquired at the 8-

minute mark at a user-selected shutter speed, the %O2 was set to 15%, and the delay 

began again. This continued until all tissue images at the inhaled oxygenations were 

captured. The following figure is of an awake mouse during image acquisition inside the 

induction chamber.  

 

Figure 11: Awake and unrestrained mouse within an induction chamber 
during BNP imaging 

Once this was complete, isoflurane was delivered to the chamber again at 20% 

O2. When the mouse was observed to be anesthetized for 10 minutes, the chamber 
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oxygenation was slowly stepped down to 10%. The imaging that occurred while the 

mouse was awake (varying inhaled %O2) was repeated in the anesthetized state. Upon 

finishing with the imaging of an individual mouse, the system was removed, and the 

entire process repeated for the next mouse.  

After completion of imaging, the Python acquisition script generates a csv file 

that contains all images names (including background images), shutter speeds, time of 

acquisition, and analog and digital gains, and red color channel and blue color channel 

gains (while gains are intended to be held constant between those used for calibrating 

the BNP and acquiring images, these values are saved as quality assurance since setting 

these to constant/consistent values within Python for the Pi Camera was an early 

obstacle, now overcome).  

For ease of visualization, the general steps taken when capturing oxygen data 

using BNP are shown in the flow chart below.  

 

Figure 12: Oxygen imaging in window chamber flow chart 
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2.2.3 Computing Oxygen Concentration Maps 

To compute oxygen maps of acquired images, a MATLAB script was used. The 

MATLAB script allows the user to select the study folder containing the acquired images 

and their csv file, while also allowing the user to select the MATLAB file containing the 

used BNP batches calibration information. All images are smoothed by a 5x5 pixel 

median filter before subtracting the individual mouse’s background image that 

corresponds to the shutter speed used for imaging. With backgrounds subtracted, the 

BNPs relative color channel loading matrix is used with non-negative linear regression 

to convert all RGB images into fluorescence-phosphorescence channeled images. All 

fluorescence and phosphorescence maps are saved in a 4D matrix, where the first 2 

dimensions are spatial for the pixels, the 3rd dimension is for separating fluorescence and 

phosphorescence data (1 is phosphorescence, 2 is fluorescence) and the 4th dimension is 

for separating each acquired image.  

With all fluorescence and phosphorescence images calculated, division of each 

image’s fluorescence map by its phosphorescence map is performed to generate a 

fluorescence/phosphorescence map for each image. This map is fed into the quadratic fit 

created for the BNP patch, generating an oxygenation map for each image. The 

Oxygenation maps are saved for later analysis.  
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2.3 Blood Cell Motion Imaging 

As another application for the portable imaging system, videos of blood cells 

flowing in vessels within a window chamber were captured. When initially developing 

this method for the portable system, donor blood was being labeled with red fluorescent 

proteins. Additional filters and LEDs were obtained for imaging red fluorescent blood 

cells (RFBC). After tail-vein injecting labeled blood into mice, imaging was attempted. It 

was discovered that the intensity of the stimulating LED was too low for creating signal 

that could be captured at an adequate frame rate for resolving blood cell motion.  

When testing what shutter speeds could be used for imaging RFBCs, another 3D 

printed holster was developed for using the portable system to image non-dried blood 

samples on slides.  

 

Figure 13: 3D printed stand for slide imaging with portable system 
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After running tests in vitro, it was discovered that shutter speeds on the order of 

1,000ms (1 frame/second) would be required to image labeled blood cells (well below 

the preferred 25-30 frames/second for videoing blood cell motion). While different LEDs 

were considered, it appeared that to obtain the needed intensity, non-pin hole LEDs 

would be required; though these could be pursued in the future, most would add 

significant weight to the system and would require a counter-balance system to alleviate 

the weight on the imaged mice (unless fiber optics for delivering remotely generated 

light to the window chamber were implemented).  

Despite this pit-fall, it was discovered that imaging without filters with the white 

LED was capable of imaging blood cell motion of unlabeled blood cells. During these 

studies, the resolution of the portable system was set to 0.4µm pixel widths, which can 

image blood cells within vessels. For ease of tracking blood cell movement for analysis, 

image processing techniques were implemented to generate intensity videos based on 

motion – this will be discussed later in section 2.3.2.  

2.3.1 Blood Cell Imaging 

One C57BL/6 mouse was used for a pilot study of the portable imaging systems 

unlabeled blood cell imaging capabilities. To increases the potential data from this pilot, 

two things were studied. First, this mouse received both a window chamber surgery and 

cecal ligation puncture (CLP) surgery. The CLP surgery was conducted to give the 

mouse mild sepsis (6mm of cecum ligated), so measurements of blood flow velocities 
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changing throughout sepsis could be made. Second, during the 72hr, 96hr, and 120hr 

time points after CLP surgery, the mouse was imaged both awake and anesthetized to 

measure how isoflurane impacts window chamber measurements on blood cells.  

By this time in the development of the portable systems capabilities, it was 

decided that it is preferable to connect the portable system to the window chambers 

while mice are awake and restrained, in case isoflurane used for attaching the system 

impacts awake measurements taken afterwards. A restraint was used that had an 

opening through the top that allowed for the window chamber to be accessible. When 

the mouse was in the cylindrical restrainer, a plunger with a hole for the tail was placed 

to restrict the mouse’s movement.  

Once the portable system was attached to the awake mouse with the white LED 

panel and no filters, the focus was manually adjusted until blood cells flowing in the 

vessels were in focus. After adjusting the focus, another live preview was opened where 

the framerate of the camera was set to the default 30 frames/second. During this time, a 

potentiometer connected in line with the white LED was adjusted to provide an 

appropriate intensity without overexposure. With the system ready, the mouse was 

released from the restraint, and allowed to freely move around the induction chamber.  

For awake imaging, 5 minutes were captured to provide ample sampling of 

blood cell velocities while the mouse was freely moving. After imaging the mouse 

awake for 5 minutes, the lid to the induction chamber was placed, and 99% O2/1% N2 
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mixed with 2% isoflurane was delivered to the chamber. This delivery of isoflurane 

occurred for 10 minutes, with the mouse typically becoming anesthetized 2-3 minutes 

into the duration. After 10 minutes, the isoflurane was turned off, and the lid of the 

chamber was removed and used to fan out the residual isoflurane/99% O2 for 30 

seconds. Imaging of the mouse continued for an additional 15 minutes, providing longer 

time to observe the mouse awakening from anesthesia and returning to normal blood 

flow. The entire process lasted 30 minutes. Once the imaging was complete, the mouse 

was restrained while the portable system was removed. Shown below is a timeline 

depicting the imaging procedure performed on the septic mouse at the 72, 96, and 120hr 

timepoints (during the 144hr timepoint, imaging ceased at 15 minutes due to a need to 

sacrifice the mouse).  

 

Figure 14: Blood flow imaging procedure for each timepoint post-CLP surgery 

As an additional method for depicting the entire study performed on the pilot 

mouse, the figure on the next page provides a timeline with all key events. The 

hemoglobin saturation map was an additional measurement performed on a stationary 

microscope using a tunable filter and algorithm developed within our lab17, future 
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studies would acquire this hemoglobin saturation data at multiple timepoints 

throughout the study (for this pilot study, consideration of adding this measurement to 

the protocol did not occur until the final day). 

 

Figure 15: Study timeline for imaging blood cell velocities 

It should be noted that while the sepsis induced on this mouse was intended to 

be mild (the 6mm of cecum ligated for this type of mouse has typically induced sepsis 

that a mouse recovers from within 1 week), it appears possible that the combination of 

the window chamber procedure with the CLP decreased the pilot mouse’s ability to 

recover. The mouse was not moving/eating by day 6, and had to be humanely 

euthanized.  

2.3.2 Blood Cell Motion Analysis 

While changes in blood cell velocities were qualitatively observable in raw 

videos of the mouse due to sepsis and isoflurane, for quantification, MATLAB scripts 

were used for post-processing and analyzing videos. After viewing a video and 

knowing what segment should be analyzed, the first and last frame numbers are 

provided to the script for pulling all frames between these values (for our study we 
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sampled velocities with a gap of 1 minute). The selected frames were converted from 

RGB to gray scale for analysis. Videos were initially captured at a resolution of 1640 x 

1242 pixels; this resolution was above what was needed for observing flowing blood 

cells. To decrease noise, all frames from the videos were down-sampled by 50%, 

converting 2x2 pixel blocks into 1 pixel that was the average of the 4 original pixels. 

After down-sampling, a 3x3 pixel-wise adaptive low-pass wiener filter was applied to 

decrease remaining noise while preserving edge sharpness (wiener2, MATLAB 

function).  

After performing denoising operations, frame registration was the next step of 

the analysis. While selected temporal segments for analysis typically had very little 

motion in the vessels being imaged, this registration was performed to make minor 

adjustments as needed. Registration was capable of adjusting translation, rotation, and 

scale of each frame. Adjustments were based on feature matching between frames, 

where the initial features to match were automatically identified from the first frame of 

the data set (Video Stabilizing Using Point Feature Matching example code, Computer 

Vision System Toolbox, MATLAB).  

After registration of all frames, the last step in the post-processing of the videos 

is converting the videos into a form where intensity is motion-enhanced. To enable this, 

a temporal average frame was generated by summing all frames together and dividing 

by the number of frames. Each frame then had the temporal average frame subtracted 
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from it, creating frames where intensity was based on deviation from the temporal 

average. When saving the processed frames as a video for viewing and tiff stack for 

further analysis, the windowing was set so that the pixels below the 1st percentile and 

pixels above the 99th percentile were out of range, being viewed as black and white. 

This windowing was done to avoid outlier pixels that notably impacted differentiation 

of intensities closer to the mean (the distribution of pixel intensities was observed as 

approximately gaussian). This removal of outliers reduced pixel intensity windows from 

-255 : 255 to windows smaller than -20 : 20.  

Upon generating a tiff stack of the selected frames with motion enhanced 

contrast, analysis of velocities and flow direction occurred. While it is common to use a 

manual dual-slit method for calculating blood cell velocities, we utilized a rigorous 

automated algorithm. Tiff stacks were fed into the algorithm developed by Fontanella et 

al.12, which was previously shown to be an accurate and automated method for 

quantifying blood cell velocities. Once this algorithm analyzed the frames, maps were 

generated that provided information on the direction of blood cell flow within vessels, 

along with data on the average velocities throughout the frames provided. For 

comparison of blood cell velocities at different timepoints post-CLP surgery and 

delivery of anesthesia, ROIs were selected within vessels to calculate median velocity at 

set locations, with the median value of all ROI in the vessel used for comparison 

between timepoints.  
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Lastly, for quantification of the change in spatial variation within the vessels, 

Coefficient of Variation (COV) (in this case defined as variance divided by mean) was 

calculated for each timepoint in a similar manner to the above velocity calculation. The 

median spatial COV within each ROI for all timepoints were calculated, with the COV 

for the entire vessel being defined as the median COV of the 5 ROIs used. This 

calculation was performed on a tiff stack that was gray-scaled and registered for motion, 

but had not been motion-enhanced. The choice to perform this calculation on the non-

motion-enhanced frames was elected to avoid a calculation that factors variation in both 

the temporal and spatial domain, as this could become reflective of the change in 

velocity and not the change in clumping. 
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3. Results 

3.1 Boron Nanoparticle Calibration 

For calibration of the BNP, RGB images with the portable system were captured 

in vitro within a cuvette of known oxygenation. The figure on the next page displays the 

captured RGB images at the approximate delivered %O2s (measured values with 

decimal values were used for quadratic fit in calibration).  

Displayed on each image is an ROI that was automatically generated based on 

intensity, 200 sample pixels were randomly selected within the ROI. Throughout the 

duration of imaging, the intensity of signal decreases as %O2 increases. In the figure it 

can be seen that intensity for some images increases relative to the %O2 image prior, this 

is due to increased shutter speed to decrease the relative intensity of noise to signal. In 

the table below, the used shutter speed for each %O2 imaged is provided. 

Table 4: Shutter speeds used for capturing cuvette images during BNP 
calibration 

%O2 Shutter Speed Used (ms) 

0, 2, 4, 6 250 

8, 10, 12, 14, 16 500 

18, 20, 35, 30 750 

65, 100 1,500 
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When each calibration image was analyzed, the background image taken of the 

cuvette filled with DI water at the corresponding shutter speed was subtracted. These 

background images had very low signal (single digits out of 255), but spatial subtraction 

was still performed.  

After the 200 sample pixels were pulled from each ROI, they were fed into the 

MATLAB function PARAFAC. The resulting relative color channel loadings generated 

to map the distribution of fluorescence and phosphorescence in the red, green, and blue 

color channels is shown below.  

 

Figure 17: Relative intensity of BNP fluorescence and phosphorescence in the 
red, green, and blue detector color channels 
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As expected, the fluorescence is centered within the blue color channel, while the 

phosphorescence is centered in the green color channel. The quality of the PARAFAC fit 

is measured by a Tucker Congruence Coefficient (TCC), which measures the similarity 

of factors found in the data (in this case, the similarity of the fluorescence to 

phosphorescence found in the RGB color channels). For the used batch of BNP, the TCC 

was less than 0.3, indicating a notable difference between the factors.  

The relative color channel loading matrix can be used with non-negative linear 

regression to convert RGB images of stimulated BNP into fluorescence-phosphorescence 

channeled images. With PARAFAC performed, the relative amount of fluorescence and 

phosphorescence for all sample pixels was known. The average value of fluorescence 

and phosphorescence was taken for each set of 200 pixels, and plotted against the 

delivered oxygenation in Figure 18 on the next page.  

From Figure 18, it can be observed that phosphorescence is quenched by the 

presence of O2, while fluorescence is relatively stable. The initial lower value of 

fluorescence around values less than 10% is believed to be due to the detectors being 

flooded by the higher signal of phosphorescence.  

To generate the final calibration, fluorescence values are divided by 

phosphorescence, and a quadratic fit of delivered %O2 vs average 

fluorescence/phosphorescence is performed. In Figure 19, the red circles display the 

delivered %O2, while the blue line represents the quadratic fit. Error bars are generated 
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as the ± 1 standard deviation of the calculated %O2 values from the 200-sample 

fluorescence/phosphorescence values at each oxygenation. Additionally, within this plot 

there is a magnification plot displaying the calibration within the biologically standard 

range of 0-7% O2 (or 0-50 "#$	mmHg). In this subfigure, it can be observed that the 

trend is relatively linear, as was observed in the calibration data shown from our 

collaborators where data was only plotted from the 0-1% range.  

With the relative color channel loading matrix and quadratic fit generated, both 

calibrations needed to convert RGB images of stimulated BNP into %O2 maps have been 

obtained.  

 

Figure 18: Intensity of fluorescence and phosphorescence at delivered 
oxygenation concentrations for calibrating BNP oxygen response 
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Figure 19: Q
uadratic fit of delivered %

O
2 vs fluorescence/phosphorescence 

that displays BN
P signal response to varied oxygenation 
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3.2 In Vivo Oxygen Measurements 

With calibrations created for the batch of BNP, in vivo studies on mice began. 

Five nude mice with dorsal window chambers were used for the study. All mice were 

imaged by the portable system while awake and while anesthetized by 2% isoflurane. 

After connecting the portable system to individual mice and manually adjusting focus, 

brightfield images were captured. The figure below is a representative brightfield image 

of murine dorsal tissue captured by the portable system. 

 

Figure 20: Brightfield image of murine tissue captured by portable system 

After capturing flood images, the white LED panel was replaced with the 405nm 

LED panel with all filters in place. Background/auto-fluorescent images were captured 

at various shutter speeds that could be used for later imaging. The background image 
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captured at 500ms shutter speed (the shutter speed used for imaging the 2nd mouse in 

the study), had median pixel values in the RGB channels of 10, 15, and 13 (uint8, max 

pixel intensity of 255). Detected signal in background images is due to tissue auto-

fluorescence or LED signal making it past optical filters. All optical filters used had on 

OD value of 6 (corresponding to 1 photon out of a million making it from the LED to the 

camera). Backgrounds were spatially subtracted to remove noise. It was observed that 

for mice with thicker skin that required a shutter speed greater than 1,000ms, the 

background image had higher intensity (but was still an order of magnitude weaker 

than the signal imaged from BNP).  

With background images acquired, the portable system was removed, and BNP 

were injected into the window chamber. The system was reattached, and the mice were 

given 20 minutes before imaging to allow for saturation of the BNP in tissue. After 

imaging mice while awake and anesthetized at various inhaled oxygen concentrations, 

the BNP calibrations were used to generate fluorescence, phosphorescence, and oxygen 

maps for each acquired image. The figure on the next page shows all maps generated for 

the 3rd mouse while awake and breathing 100% O2.  
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In the above figure, a is the RGB image of the BNP inside the window chamber, b 

is the fluorescence map calculated, c is the phosphorescence map calculated, and d is the 

%O2 map calculated. The above figure is representative of maps generated for all 

images, and displays the intermediate data generated when calculated oxygen maps for 

in vivo images.  

In d on the prior page, it can be noted that the oxygen values located at vessels 

are lower than that of the surrounding tissue. This is due to the vessels and blood 

absorbing the UV stimulating light, preventing accurate measurements of oxygenation 

at these locations. When analyzing the change in tissue oxygenation, ROIs were 

generated in each image that did not overlap with vessels to prevent inaccurate 

measurement.  

 

Figure 22: ROI in tissue for change in oxygenation analysis 



 

 

49 

For consistent sampling, the size of the ROI was kept constant for each mouse, 

with the initial size being selected based on the largest available ROI from all mice that 

did not overlap with vessels. ROI were placed in regions of the tissue with brighter 

signal based on the RGB image of the BNP.  

With images acquired while the mice were both awake and anesthetized, at 

various inhaled oxygen concentrations, analysis of these factors impact on tissue 

oxygenation was performed. Looking at the figure below, tissue oxygenation increased 

within the awake mouse as inhaled oxygen concentration was increased.  

 

Figure 23: Tissue oxygen maps in awake mouse inhaling 10%, 15%, 20%, 25%, 
50%, and 100% O2 

In the above figure, a was captured after the mouse inhaled 10% O2, b is 15% 

inhaled O2, c is 20% inhaled O2, d is 25% inhaled O2, e is 50% inhaled O2, and f is 100% 

inhaled O2. All images are displayed with the same color bar for O2 values ranging 

between 0% and 14%.  
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Looking at the effects of inhaled oxygen concentrations in awake mice, the figure 

below shows how tissue oxygenation within ROI changed for all 5 mice.  

 

Figure 24: Awake mice tissue oxygenation data at varied inhaled oxygen 
concentrations 

While the tissue oxygen concentration values varied within each mouse, the 

trend was observable that inhaling higher concentrations of oxygen increased the tissue 

oxygenation within mice. In the figure on the next page, tissue oxygenation while mice 

were anesthetized can be observed.  
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Figure 25: Anesthetized mice tissue oxygenation data at varied inhaled oxygen 
concentrations 

From the figure above, it can be observed that at 10% inhaled oxygenations, all 

mice except mouse 3 had higher tissue oxygen relative to when they were awake. While 

10 minutes had elapsed after the mice were imaged at 100% O2 awake (with the 

induction chamber set to 20% O2) it is uncertain whether this is due to prior inhalation 

of 100% O2 while awake, or due to the deregulating effects of isoflurane on blood-

glucose levels. From a literature review on the impact of anesthesia on oxygen 

consumption in human patients18, an average reduction of 33 mL/min/m2 was observed 

after anesthesia induction. Past research has observed that as oxygen consumption is 
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reduced, tissue oxygenation increases19. These two observations taken together suggest 

that it is not unreasonable to observe increased tissue oxygenation in anesthetized mice.  

In the figure on the prior page, it can be observed that mouse 1 only has data for 

10%, 15%, and 20% O2, as it passed away while inhaling 25% O2 on anesthesia.  

Comparing the impact of isoflurane on tissue response to varied inhaled oxygen 

concentrations relative to awake animal response, the median tissue oxygenation value 

was calculated at each inhaled oxygenation for mice in the awake and anesthetized state. 

The figure on the next page shows these median values, along with the interquartile 

range of the mice tissue oxygenation at each inhaled level.  

Looking at the next figure, it is clear that at each inhaled %O2, the interquartile 

range of all mice measurements overlap for the awake and anesthetized states. It can be 

observed that the median tissue %O2 values when the mice are inhaling 10-50% O2 are 

higher in the anesthetized state, with only the 100% inhaled O2 measurement being 

higher in the awake animals. This suggests that while it is possible that anesthesia 

decreases oxygen consumption which leads to higher tissue oxygenation, other factors 

including mouse movement and blood velocity could allow for increased tissue 

oxygenation at the 100% inhaled measurement that is greater in the awake state than in 

the anesthetized state.  

When the mice were inhaling 20% O2 (room oxygen) in the awake and 

anesthetized state, the average tissue "#$ was 48.8 mmHg and 65.8 mmHg, respectively.  
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Comparing these "#$ measurements obtained via BNP to values obtained with 

electrodes and fiberoptic oximeters, the "#$ in subpapillary plexus (what is visible in the 

window chamber) is typically around 27-43 mmHg20. This shows close agreement to our 

awake measurement where "#$ was observed to be 48.8 mmHg, while also indicating 

that the anesthetized "#$ value of 65.8 mmHg is a greater distance away from the 

expected range. This further supports the claim that isoflurane increased tissue 

oxygenation relative to normal levels.  

 To test the significance of the differences between the awake and anesthetized 

tissue oxygenations, paired t-tests with false discovery rate corrections21 where 

performed for each mouse. For the analysis, MATLABs ttest function was used to create 

initial p values, followed by the mafdr function to correct for the false discovery rate. In 

the mafdr function, it was critical to set the Benjamini and Hochberg method flag to true, 

as this method is capable of computing the false detection rate with fewer p-values (the 

default method is not accurate for data sets with < 1000 p-values; it is typically used in 

bioinformatics work).  

The results of the t-test are shown in the next table. Utilizing a two-tailed test 

(assuming no knowledge of whether the awake or anesthetized tissue oxygenation 

would be higher) there was no significance in the awake vs anesthetized states 

(significance defined as p ≤ 0.05). While using a two-tail test matches the initial 

hypothesis we sought to test (that there would be a difference), upon performing a more 
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extensive literature review for creating this report, supporting research was found (as 

previously referenced) that suggests isoflurane increases tissue oxygenation. Running 

the paired t-test with false discovery rate correction, but with a one-tail condition testing 

that the mean of the anesthetized tissue oxygenation distribution is greater than the 

mean of the awake tissue oxygenation distribution, it was found that for three mice 

(mouse 1, 4, and 5), the anesthetized tissue oxygenation was significantly higher than 

the awake tissue oxygenation. 

Table 5: Paired sample t-test of anesthetized vs awake tissue oxygenation with 
false discovery rate corrected p-values for both a two-tailed and one-tailed test 

Mice Mouse 1 Mouse 2 Mouse 3 Mouse 4 Mouse 5 
False discovery rate corrected 

p-value from two-tailed 
paired sample t-test 

0.072 0.324 0.189 0.072 0.085 

False discovery rate corrected 
p-value from one-tailed 

paired sample t-test 
(anesthetized > awake %O2) 

0.036 0.838 0.095 0.036 0.042 

  

The bottom row in the table above should be considered skeptically. While there 

is literature to support the hypothesis that the tissue oxygenation would be higher on 

anesthesia, this was not our initial hypothesis, and this analysis could be considered as 

torturing the data to obtain significance.  
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3.3 In Vivo Blood Cell Measurements 

Shifting from the application of utilizing the portable imaging system with BNP 

for oxygen measurements, the following section focuses on the use of transmission 

white light imaging of red blood cells.  

One C57BL/6 mouse had both a window chamber and CLP procedure 

performed. As described in the methods, videos that were captured as RGB signal were 

motion-enhanced by subtracting the temporal average frame from each frame in the 

video. By selecting a window excluding the top and bottom 1% of pixel intensities, 

motion of cells was readily visible. The figure below demonstrates an example motion-

enhanced frame from the anesthetized mouse at 72hrs post CLP surgery.  

 

Figure 27: Motion-enhanced frame displaying blood cell movement in a 
window chamber 
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Compared to the RGB bright field images shown in the prior section of vessels, 

clusters of blood cells moving at the same speed can be viewed as regions of similar 

pixel intensity.  

To create a single value that can be used to compare the velocity within a vessel 

relative to data captured later in an acquisition or at a different timepoint post CLP, 

median velocities were obtained in ROI, with the median velocity of the ROIs later taken 

as the value characterizing the speed within the vessel. An example velocity map is 

shown below with the purpose of identifying the approximate ROIs that were selected 

within the pilot mouse’s vessel.  

 

Figure 28: ROIs used for calculating median vessel red blood cell velocity 
displayed on a velocity map 
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Later figures displaying velocity maps include a color bar to indicate velocities 

associated with displayed color, the one on the prior page only serves to represent the 

ROIs used. All names used are relative to the junction of the vessel at the right of the 

image.  

3.3.1 Impact of Isoflurane on Blood Cells 

When analyzing the 30-minute video of the mouse captured at 72hrs post CLP 

surgery, it was noted that 15 seconds after turning on isoflurane, a smaller vessel was 

damaged. This leaking of blood into the tissue is shown below.  

 

Figure 29: Awake vs anesthetized RGB frames of murine vessels with a vessel 
ruptured by isoflurane circled 

In a, the mouse is awake and freely moving within the induction chamber, while 

in b the mouse has stabilized on isoflurane. In b the region where blood leaked into the 

tissue has been circled. It can also be noted that the vessel color lightens from a to b, 

suggesting hematocrit and/or hemoglobin saturation is reduced on anesthesia.  

a) b)
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Looking at example time points from the mouse at the 72hr post CLP 

measurement, the figure below shows direction maps and velocity maps generated 

while the mouse was awake vs anesthetized.  

 

Figure 30: Awake vs anesthetized blood cell direction and velocity maps in 
tissue 

Plots a and c are sample direction and velocity maps generated for the awake 

mouse, while plots b and d are the sample maps generated during the anesthetized 

imaging. When analyzing the directional maps, the color wheel on the right identifies 

the direction that corresponds to each color. The white arrow in a indicates an artery, 

while the yellow arrow points to a vein.  

From the figure above, it can be observed that the awake velocity in the larger 

vessel decreases notably when anesthesia is delivered. Further, the smaller vessel was 
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observed to change flow direction during the duration of anesthesia. The vessel 

indicated by the white arrow is known to be an artery due to its smaller diameter, 

divergent flow path at the junction, and higher hemoglobin saturation displayed in a 

later figure. In contrast, the vein indicated by the yellow arrow has a larger diameter, 

convergent flow path at junctions, and lower hemoglobin saturation.  

Looking at the entire video captured during the 72hr post CLP measurement, 3 

seconds of frames were pulled every minute for velocity analysis. Using smaller ROIs 

which sampled velocities within the central region of the vessels, the median velocity in 

each ROI were measured. In Figure 30, it can be observed that the velocity in the central 

region of the vessels is faster, this is due to laminar flow caused by the friction of the 

flowing cells near the outer regions of the vessels. This variation in velocities within a 

vessel cross-section causes the Fahreaus-Lindquist effect, during which the red blood 

cells stay towards the central region of vessels while plasma sticks towards the vessel 

wall. Sampling velocities in ROI at the central region of vessels occurred to focus on the 

velocity of red blood cells predominantly.  

Figure 32 demonstrates the ROI used for capturing the median velocity at each 

minute for the ‘Left’ ROI. After calculating the median velocities in ROI as shown on the 

next pages figure for all regional ROI, the data on the next page was generated for 

comparing velocities within the different regions. In the figure below and on the next 
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page, a green bar is used to indicate when isoflurane was turned on and a red bar is 

used to indicate when isoflurane was turned off.  

 

Figure 31: Median red blood cell velocities in the analysis ROIs at 72hrs post 
CLP surgery throughout 30 minutes of continual recording with delivery of 

anesthesia varied 

When isoflurane was turned on at the 5-minute mark, velocities within the larger 

vessel, which was a vein, slowed down as shown in the figure above (reversal of flow 

direction in this vein was observed in the 6min direction map as well). When the mouse 

began to move rapidly before being anesthetized, there was a spike in blood cell velocity 

observable at the 7-minute mark. The mouse stopped moving a few seconds after the 8-

minute mark, and it can be observed that anesthetized blood flow stabilized after the  
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10-minute mark (5 minutes after initial delivery of isoflurane). After turning off the 

isoflurane at 15 minutes, the mouse’s blood flow sped up, with local maxima and 

minima being observed. Lastly, the observed velocity in the ‘up’ ROI of the vein was 

notably slower than the other ROIs, this trend was observed at other timepoints post 

CLP surgery as well. 

For ease of comparison between measurements post CLP surgery, the median of 

all ROIs at each minute timepoint was taken as the value to characterize the veins 

velocity. The figure below displays the plot of the median velocity of all ROI.  

 

Figure 33: Median vein red blood cell velocity of all ROIs 72hrs post CLP 
surgery with interquartile range at all imaging timepoints 
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3.3.2 Changes in Blood Flow During Sepsis 

During the 72hr and 96hr timepoints post CLP surgery, the mouse was actively 

moving around its cage in a typical manner. At the 120hr timepoint the mouse was 

observed as lethargic; the mouse was capable of movement if being reached for, but 

otherwise was remaining still. By the 144hr timepoint, the mouse was breathing shallow 

and not moving; the mouse was sacrificed on this day after measurements were taken.  

To observe what was occurring, the example frame below demonstrates how 

spatial variation in red blood cell clustering changed at later timepoints. 

 

Figure 34: Spatial variation of blood cell distribution due to sepsis 120hrs post 
CLP surgery 
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Clustering of blood cells together in the vein can be observed, especially in the 

‘up’ ROI split of the vessel. Looking at the central artery, there are notable lengths where 

the artery cannot be observed due to a lack of blood cells in the region; this could be the 

result of coagulation or plasma gaps caused by a blockage due to an increase of 

leukocytes.   

For quantification of blood cell velocity changes over time, calculations of the 

median velocity in each ROI at all timepoints were calculated.  

 

Figure 35: Median red blood cell velocities in the analysis ROIs at 96hrs post 
CLP surgery throughout 30 minutes of continual recording with delivery of 

anesthesia varied 
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Figure 36: Median red blood cell velocities in the analysis ROIs at 120hrs post 
CLP surgery throughout 30 minutes of continual recording with delivery of 

anesthesia varied 

 

Figure 37: Median red blood cell velocities in the analysis ROIs at 144hrs post 
CLP surgery throughout 15 minutes of continual recording with delivery of 

anesthesia varied 
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The figures on the prior pages show that during earlier timepoints (72hr, 96hr), 

the velocities in each ROI were more similar to each other, with comparable responses to 

anesthesia (in contrast to ROI velocity measurements taken while the mouse was 

increasingly sick at the 120hr and 144hr timepoint). By the 144hr measurement, the 

awake blood velocity had decreased by ≈ 90%, and it was noted that within some of the 

ROI, the delivery of isoflurane actually increased blood velocity (which was not the case 

in previous measurements). It should be noted that, due to poor health, the mouse was 

only imaged for 15 minutes at the 144hr timepoint, it was not imaged waking up from 

anesthesia due to a need to humanely sacrifice the animal.  

Taking the median values of all ROIs at all timepoints, the figure on the next 

page was generated for comparison of blood cell velocity over the duration of sepsis.  

During the 72hr and 96hr timepoints, when the mouse was healthy, awake 

measurements of blood cell velocity average around 0.2-0.3 mm/s. When the mouse 

became sick, these awake measurements dropped to around 0.1mm/s (120hr) and 

0.02mm/s (144hr). While the difference between velocities in the awake animal is stark, 

the measured velocities during the stable anesthesia range (11-15 minutes) were not as 

different. The velocities while stably anesthetized ranged from 0.08 mm/s (72hr) to 0.03 

mm/s (144hr).   

When isoflurane was turned off, it can be observed the blood cell velocities 

increased and decreased for the final 15 minutes of measurement, with no observable 
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stability reached. Observations of the mouse during imaging suggest that increased flow 

could correlate to moments when the mouse was actively moving around the chamber, 

while decreases in velocity could correspond to moments when the mouse was 

remaining still.  

 

Figure 38: Median vein blood cell velocities with interquartile ranges at all 
timepoints post CLP surgery 

The abridged figure on the next page only displays the data captured between 

the 0 and 15-minute timepoints without the interquartile range bars (for clearer 

visualization of median velocities while the mouse was in the awake and anesthetized 

states). It is worth noting in the above figure, that the interquartile ranges represent the 
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velocity variability between ROI/regions of the vessel being analyzed, and are not 

necessarily a representation of error in the measurement of blood cell velocity.  

 

Figure 39: Median vein velocities at all timepoints post CLP surgery from 0-15 
minutes imaging timepoints 

To make comparisons between the velocities while awake and anesthetized at 

different timepoints post-CLP surgery, average awake and anesthetized values were 

calculated. Awake values were the mean of measurements from 0-4 minutes (excluding 

the 5-minute measurement since isoflurane was immediately turned on), while 

anesthetized values were the mean of measurements from 11-15 minutes (when the 

mouse was stably anesthetized). The table on the next page displays these calculations, 

with the deviation of the averaged values taken as the error. 
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Table 6: Average awake and anesthetized blood cell velocities at all timepoints 
post CLP surgery with percent change from awake to anesthesia and percent change 

from 72hr to 144hr timepoint 

Timepoint (hr) 
Awake Velocity 

(mm/s) 

Anesthetized 

Velocity (mm/s) 

Percent Change 

(Awake to 

Anesthetized) 

72 0.21 ± 0.03 0.080 ± 0.002 -62% 

96 0.28 ± 0.04 0.071 ± 0.002 -75% 

120 0.08 ± 0.02 0.053 ± 0.005 -34% 

144 0.019 ± 0.005 0.031 ± 0.002 63% 

Percent Change 

(72hr to 144hr) 
-91% -61% 

 

In the table above, the percent change is relative to the awake measurement, 

showing how the blood cell velocities changed once isoflurane was delivered. For 72-

120hr, the delivery of isoflurane slowed down the blood cells to notable extents, while 

during the 144hr timepoint, the isoflurane visibly increased the flow of blood cells. This 

effect observed in the table above was immediately clear in the raw RGB video that was 

captured at the 144hr timepoint. For visualization, the above table is also given a 

graphical representation in the figure below. 
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Figure 40: Average awake and anesthetized blood cell velocities plotted 
against time post CLP surgery 

In the above figure, the decrease in blood cell velocities over time in the mouse 

experiencing sepsis is visible in both the awake and anesthetized state. This change 

appears relatively small in the anesthetized state, while being large in the awake state. 

The use of anesthesia masks the true change of the velocity over time post CLP surgery. 

As an additional observation, the deviation of measurements taken at different minutes 

in an anesthetized animal is small, the error bars for this line are never larger than 

0.005mm/s. In the awake animal, these deviations taken at different timepoints while 

awake can range from 0.04mm/s to 0.005mm/s, with the deviation decreasing as the 
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sickness due to sepsis worsens. This additional measurement of decreased blood 

velocity variation as sepsis worsens, is masked by the usage of isoflurane.  

To test the significance of the impact of anesthesia and time post-CLP surgery, a 

two-way ANOVA test was performed using MATLABs function anova2. For this 

analysis, each ROI within the vessel was treated as an independent measurement. The 

mean velocity of each ROI from 0-4min of imaging (awake) and 11-15min of imaging 

(anesthetized) was computed for each timepoint/day post-CLP surgery. The resulting p-

values for the significance of the impact of anesthesia and time post-CLP surgery on red 

blood cell velocities are provided in the table below.  

Table 7: P-values from two-way ANOVA on factors of anesthesia, time post-
CLP surgery, and combined effect on blood cell velocities 

Awake vs anesthetized 
factor p-value 

Time post-CLP surgery 
factor p-value 

Combination of factors p-
value 

7.2	*	10-. 1.5	*	10-. 1.8	*	10-1 

 

Having analyzed the factors of anesthesia and time post-CLP surgery with a two-

way ANOVA, it can be observed that for the pilot mouse, these factors impact on blood 

cell velocities are significant (p << 0.05). It should also be noted that the p-value for the 

combination of these factors is significant, suggesting that there is an interaction 

between the factors of anesthesia and time post-CLP surgery.  
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The method used for computing average velocities at the different timepoints 

post-CLP surgery was utilized for calculating a metric of change in spatial variation of 

blood cells. The Coefficient of Variation (COV) was calculated within 5 ROI at each 

imaging timepoint for all timepoints post-CLP surgery. Each COV was the median in the 

spatial domain (taken over the 90 gray-scaled frames for each imaging timepoint). The 

below figure displays the coefficient of variation throughout the duration of imaging at 

each timepoint.  

 

Figure 41: Spatial coefficient of variation at all timepoints post CLP surgery 

To compare the values that would be obtained from imaging the mouse both 

awake and anesthetized, average measurements of the COV during each state were 

calculated. Awake measurements were taken as the average of the 0-4min values, while 
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anesthetized measurements were taken as the average of the 11-15min values. These 

windows were selected based on the velocity data that suggest that under anesthesia, 

stability is reached by the 11min mark. In the below figure, the mean COV values with 

the standard deviation of the awake/anesthetized measurements is given.  

 

Figure 42: Average awake and anesthetized spatial coefficients of variation 
plotted against time post CLP surgery 

From the above figure, it can be observed that in both the awake and 

anesthetized state, the coefficient of variation within the spatial domain increased from 

72-120hrs post-CLP surgery. At the 144hr the coefficient of variation for the pixel 

intensities is lower, this is believed to be due in part to the slower blood flow, and the 

larger clustering of blood cells. With clumps that are large relative to the size of the ROI, 

the spatial variation does not reflect the presence of clumping.  
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While the above figure and metric was initially intended to quantify red blood 

cell clumping, it could actually be serving as a measurement of increased 

leukocytes/leukocyte velocities. Past research has shown that isoflurane pretreatment of 

inflammation increases leukocyte rolling velocities by > 200%22. In the above figure, the 

increase at each timepoint of COV from the awake state to the anesthetized state could 

be correlated to an increase in leukocyte rolling velocities, but this possibility is not 

confirmed within this study.  

To confirm that the imaged vessels within this mouse are a vein and artery as 

expected by their difference in diameters and convergent vs divergent flow, a 

hemoglobin saturation map was generated for this mouse before sacrificing at the 144hr 

post CLP surgery timepoint. Generating this map relied on utilizing another algorithm 

previously developed within our group17, which requires using a tunable filter for 

capturing signal from transmitted light at wavelengths 500-600nm in 10nm increments. 

This capability is not currently available with the portable system, so the mouse was 

anesthetized for imaging on our Observer microscope. The resulting hemoglobin 

saturation map is shown on the next page; a white circle is used to note a region within 

the artery where occlusion occurred due to sepsis, forcing the artery to develop a shunt. 

An additional observation of the Fahreaus-Lindquist effect (where red blood cells are at 

a higher concentration towards the center of a vessel and plasma is more concentrated 

towards the walls) can be seen in the hemoglobin saturation gradient in the vein cross-
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sections, where the hemoglobin saturation is lower towards the walls relative to the 

central vessel value.  

Unfortunately, incorporation of the hemoglobin saturation measurement was not 

considered/realized until the last measurement. Future studies would, at minimum, 

acquire a hemoglobin (Hb) saturation map before CLP surgery and near the end of 

imaging for comparison of vasculature change. Regardless, the below figure shows that 

the smaller artery is maintained around a 60% Hb saturation, while the larger vein is 

close to 35% Hb saturation.  

 

Figure 43: Hemoglobin saturation map of anesthetized mouse at 144hrs post 
CLP surgery with artery occlusion circled 
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4. Discussion 

4.1 Portable Imaging System 

Through this research, the portable imaging system has been constructed and 

validated as a method for live-time in vivo optical imaging of awake and mobile mice 

with dorsal window chambers. This ability to perform measurements with the portable 

system avoids the use of anesthesia that alters measurements of tissue oxygenation and 

blood cell velocities, while being a relatively inexpensive device (the cost of all 

components not including filters is < $200 total, with each filter being purchased for 

around $300).   

Portable imaging is generalizable to various studies, with its ability to conduct 

transmission white light imaging and fluorescent/phosphorescent BNP imaging 

currently validated. If future studies sought to image fluorescent dyes labeled to 

proteins of specific cells, the only hurdle would be in selecting a light source that is not 

heavy while being intense enough to stimulate the fluorescent dye. Fiber optics could be 

used for delivering a brighter beam of light for stimulating fluorescent dyes while 

keeping heavier parts of the light source off of the window chamber; they should be 

considered for future modifications of the portable imaging system.  

Future modification of the portable system could be oriented on removing the 

need for wires and ribbon cables connecting to the mouse. The current use of these wires 

requires that, for any imaging study when the mouse is awake, a researcher must be 
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present and hold the wires/cable so the mouse can move without becoming tangled. 

Electronic components that are currently incorporated with capsule endoscopes could be 

used to allow for light sources running on a small battery with a transmitter capable of 

wirelessly sending the captured data. Further investigation into a wire-free model will 

allow for greater durations of imaging, if the system could be left on over-night.  

4.2 Effect of Isoflurane/Inhaled %O2 on Tissue Oxygenation  

Inhaled oxygen concentrations had a notable impact on tissue oxygenation for 

the 5 mice used within the BNP study. When inhaling 10% O2, the tissue oxygen 

concentrations ranged from 4-7%. As inhaled %O2 increased, tissue oxygenation 

increased. By the end when mice were inhaling 100% O2, the tissue oxygen values range 

from 6-30%.  

It was noted that mice with less movement while awake tended to have smaller 

changes in tissue oxygenation, as it was observed that mouse 1 who’s tissue oxygenation 

went from 4% to 6% was mostly still. This could also be correlated to mouse 1 being a 

sicker mouse, as it did not survive the imaging while on isoflurane. For the comparison 

of awake vs anesthetized tissue oxygenation, the median of all mice tissue oxygenations 

was taken to avoid a notable impact on the comparison from outlier mice like mouse 1.  

Comparing the awake values to tissue oxygenation values captured while mice 

were anesthetized is an interesting task. For all mice except mouse 1, tissue oxygenations 

when inhaling oxygen concentrations ≤ 50% were higher on anesthesia then when 
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awake. The mice were imaged while awake first (0% to 100% inhaled O2) and then on 

isoflurane (0% to 100% inhaled O2), with mice given 10 minutes after anesthetization 

before anesthesia measurements were acquired. While it could be that the change in 

tissue oxygenation from being awake and inhaling 100% O2 had not yet normalized, 

there are cases in literature where isoflurane’s ability to deregulate glucose consumption 

has been observed to increase tissue oxygenation23. This deregulation of glucose 

consumption is coupled with the decreased ability to consume oxygen, which could 

potentially lead to an increase in tissue oxygenation during isoflurane delivery. In vitro 

studies with BNP should be pursued where oxygen consumption of cells is 

recorded/controlled to test the dependency of cellular oxygenation on oxygen 

consumption.  

Further investigation of isoflurane’s effect on tissue oxygenation should 

incorporate the improved methods that were being implemented by the time the sepsis 

blood flow study was conducted. During the tissue oxygen study, the method for 

connecting the portable system to a restrained/awake mouse had not been developed, so 

all animals were anesthetized before imaging (this could have skewed awake 

measurements, even though 10 minutes were given between the mice appearing fully 

alert and imaging).  

The idea of imaging the mice awake, then anesthetized, then awake again in a 

continuous manner was incorporated during the blood flow study. This method should 
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be applied to a tissue oxygenation study, with a mouse breathing a set oxygen 

concentration, observing only how the anesthesia impacts tissue oxygenation. A study of 

this nature could provide insight into the temporal trend of tissue oxygenation when 

exposed to isoflurane, with a temporal resolution only restricted by the shutter speed of 

the captures (typically less than 1 second), as well as the time for the tissue oxygenation 

and BNPs to equilibrate. The above suggested study could be used to learn the average 

time it takes for an anesthetized animals tissue oxygenation to return to normal after 

inhaling isoflurane.  

An additional improvement that could be made to the oxygen study protocol 

would be verification of oxygenation with an additional probe. Future studies could use 

electrode or optics-based oxygen sensors to confirm the %O2 level in the cuvette and/or 

could be placed in window chambers to confirm the BNP based measurement.  

4.3 Effect of Isoflurane/Sepsis on Blood Cell Velocities  

Looking at the results of the study focused on blood cell velocities, it is clear that 

isoflurane has a large impact on blood cell velocity within the pilot mouse’s window 

chamber. When the mouse was healthy at the 72-96hr timepoints, the average reduction 

in velocity was 62 - 75%. As the mouse began to experience more side-effects of sepsis, 

this reduction reduced to 34% at 120hr timepoint, and actually became an increase in 

flow of 63% at the 144hr timepoint.  
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The changes in velocity due to isoflurane are of a notable magnitude; a future 

study will focus on imaging blood cell velocities over time for mice with only window 

chamber surgeries, mice with window chamber surgeries and a sham CLP surgery, and 

mice with both a window chamber and CLP surgery. The experiment was a pilot, and 

no claim can be made on whether it was sepsis or the window chamber over time that 

impacted the size of the effect of isoflurane on the blood cell velocities. The proposed 3 

study groups above would provide insight into each surgery’s contribution to the 

observed effect.  

When looking at blood cell velocities of the mouse while awake or anesthetized, 

in both cases the velocities decreased as the mouse’s condition worsened. For awake 

measurements, the 72hr and 96hr deviation ranges overlapped (and the mouse’s health 

at these times was not observably poor), suggesting that the increase in velocity at the 

96hr timepoint could be due just to a higher level of mouse activity during that imaging 

session. While the velocities can be observed as decreasing even when imaging with 

anesthesia, the actual magnitude of change between timepoints does not reflect the more 

physiologically relevant values recorded while the animal was awake. For perspective, 

when the mouse was awake, the average blood cell velocity went from 0.21mm/s (72hr) 

to 0.019mm/s (144hr), this was a 91% reduction in blood cell velocity; when the mouse 

was anesthetized by isoflurane, the average blood cell velocity went from 0.080mm/s 

(72hr) to 0.031mm/s (144hr), this was only a 61% reduction. The impact of the mouse’s 
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declining health on its blood cell velocities is miscalculated when using isoflurane by 

30%.  

Comparing the above impact of isoflurane on red blood cell velocities to current 

literature, it appears that these results may be at odds with prior findings. A study 

performed on 6 human patients and 6 monkeys compared the effects of halothane and 

isoflurane on several factors24, including total hepatic blood flow in the hepatic artery 

and portal vein (measured with pulsed Doppler probes), and found that while halothane 

significantly reduced red blood cell velocity, isoflurane did not reduce red blood cell 

velocity. These differences in results could be due to the different locations of the vessels 

being studied/the different measurement techniques, but they merit further 

investigation to better understand the discrepancy.  

Looking at the usage of the coefficient of variation (COV) on the grayscale pixel 

intensities of the blood flow frames, it should be noted that this method is an initial 

approximation of a metric for characterizing clumping. While blood cell clustering is 

observable in the color frames as increasing at each timepoint post-CLP surgery, the 

coefficient of variation was smaller at the 144hr compared to the 120hr (though their 

standard deviation ranges did overlap). The increased COV for anesthetized 

measurements relative to awake measurements is likely not biologically significant 

relative to blood cell clumping, given that blood cells are moving slower, but are not 

observed to spontaneously form larger clumps during isoflurane delivery. This suggests 
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that the measurement could be impacted by speed/temporal factors, though there was a 

desired for it to only be spatially dependent. As previously mentioned, this increase in 

COV on anesthesia could also be an indication of isoflurane’s ability to increase 

leukocyte rolling velocities.  

The COV method is attempting to characterize clumping but could benefit from 

more rigorous methods. Future analysis could incorporate an addition to the blood flow 

velocity script, where the average pixel count of all blood cells tracked is saved for each 

velocity/direction map. This script would need an improved method for masking non-

vessel regions out, so that noise does not decrease/skew the measurement of the average 

blood cell/clump size.  

In future studies beyond further characterization of sepsis or anesthesia’s effects 

on blood cell velocities, this portable imaging system can be implemented in studies 

seeking to characterize if potential therapies for sepsis are having an effect. Blood 

velocities can be one measurement of the impact of sepsis, but future algorithms could 

be developed to measure the total hemoglobin and hematocrit within the vasculature. 

These algorithms would require differentiation between red blood cells and leukocytes, 

which potentially could be achieved in the current RGB videos but may require the 

fluorescent labeling of leukocytes to improve contrast between red blood cells. 

Additional algorithms could automate tracking the widths of vessels as a measurement 

of vasodilation.  
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Having observed in the pilot mouse that the microcirculatory dynamics were 

greatly impacted by isoflurane, it is important to confirm these finding, and if upheld, 

continue to develop and implement the portable imaging system for studies involving 

murine window chambers.  
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5. Conclusion 
Portable imaging with a prototype optical imaging system has been achieved for 

pilot studies that provide data on murine biological response to anesthesia, hypoxia 

induced by inhaling gas of low oxygenation, and sepsis induced by cecal ligation 

puncture. Development of the portable system required acquisition and analysis 

scripting that was performed in Python and MATLAB, while the hardware was built 

around a Raspberry Pi with 3D printed components for attaching LEDs and filters to 

murine window chambers.  

Improvements to the devices capabilities and study designs occurred throughout 

the process of this research. Currently the device is ready to be implemented in studies 

with more animals/higher statistical power to verify effects that have been observed in 

the pilot groups. While the device is ready for implementation in further studies, future 

modifications can be made to improve its robustness for greater continual duration 

studies (wire-free version), and/or implementation of new light sources and filter sets for 

studies involving fluorescent proteins labeled to cells of interest.  

Having observed anesthesia’s impact on tissue oxygenation and blood cell 

velocities, the hypothesis that using anesthesia for imaging window chambers alters in 

vivo measurements has been supported. As portable imaging is further developed and 

implemented, it has the potential to become the standard imaging modality for window 

chamber models.   
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