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Chronic Monitoring of Cortical Hemodynamics after Ischemic Stroke 

using Functional Optical Imaging Techniques 

 

Christian John Schrandt, Ph.D. 

The University of Texas at Austin, 2015 

 

Supervisor:  Andrew K. Dunn 

 

The roles of the vascular architecture and blood flow in response to neurovascular 

diseases are important in predicting physiological outcomes.  Observing these parameters 

chronically with optical imaging techniques provides insight into the neurovascular 

recovery process.  We develop and deploy optical imaging systems for monitoring the 

progression of vascular structure, perfusion, and functional blood response after ischemic 

stroke in a chronic rodent model to observe vascular dynamics of the cortex under normal 

and diseased pathologies. 

Specifically, we monitor the progression of the vascular structure and cerebral 

blood flow (CBF) over a chronic period in the rodent cortex after photo-thrombotic 

occlusion.  Multi-Exposure Speckle Imaging (MESI) provides surface measurements of 

microvascular flow dynamics while Two-Photon Fluorescence Microscopy offers direct 

visualization of the microvascular structure.  We observe the occurrence of vascular 

reorientation in the sub-surface microvascular structure over a 35 day post-occlusion 

period. We also correlate MESI flow estimates in the parenchyma with sub-surface 

microvascular volume fractions from two-photon microscopy to assess how vascular 

density influences the surface-integrated MESI measurements. 
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Next, we develop and validate a MESI technique for measuring absolute changes 

of the functional blood flow response to forepaw stimulation in rodents, termed FA MESI.  

The optimal camera exposures for capturing the CBF response to forepaw stimulation are 

extracted from a training set of animal data and the feasibility of the technique is 

demonstrated in a testing animal set by comparing functional response results between new 

and existing techniques.  We then deploy this system in a chronic study monitoring the 

progression of hemodynamic parameters after ischemic stroke within the functionally 

responding area of the cortex.  The progression of the regional CBF perfusion and absolute 

changes in the magnitude of the functional blood flow response are monitored chronically 

after photo-thrombotic occlusion. We compare the differences between absolute and 

relative measurements of the functional blood flow responses, and validate FA MESI by 

comparing baseline measurements to 15-exposure MESI over the sampled flow 

distributions.  We demonstrate the differences measured between the functional outcomes 

and the regional CBF perfusion over a three week post-occlusion time period. 
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Chapter 1: Background and Significance 

Neurovascular disease encompasses any abnormality of blood vessels in or 

supplying the brain or spine.  The most prevalent form of neurovascular disease is stroke, 

which is the third leading cause of death and the leading cause of chronic disability in the 

United States.1  Strokes are classified into three types, ischemic, hemorrhagic, and transient 

ischemic strokes.  In ischemic strokes, which account for ~80% of strokes, the most 

frequent causes are blood clots that lodge in an artery and blocks blood flow to part of the 

brain.  Hemorrhagic strokes occur when a blood vessel ruptures in the brain, and transient 

ischemic strokes are the result of a blood clot blocking an artery for a period of time and 

then cleared.  Each stroke has different effects on the brain, but the focus of this research 

will be on ischemic strokes.  Focal ischemia is characterized by reduced blood flow in a 

localized region of the brain, with the size of the region depending on where the stroke 

occurs.  As the supply of blood is reduced, a cascade of cellular and molecular events 

occurs which leads to neuronal injury and tissue damage.2  The most severe damage is 

found in the area called the ischemic core, where flow ranges are generally <20% of 

baseline.  The area surrounding this is known as the penumbra, where there is still a flow 

decrement but no immediate cell death.3,4  Current clinical treatments for ischemic stroke 

rely on an acute administration of a thrombolytic pharmaceutical, recombinant tissue 

plasminogen activator (tPA), within a therapeutic window of only three hours after stroke 

onset.5  While this short window limits the impact of tPA to five percent of stroke victims, 

clinical trials are looking into the extension of this therapeutic window in order to treat 
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more patients.6  After this window ends, blood thinners and statins are often prescribed on 

a chronic basis to patients for disease management.7–9 Post-stroke rehabilitation is often 

prescribed in order to help patients relearn skills lost when the brain was damaged, often 

taking advantage of neuro-plasticity within the brain.9–11   The goal of current research in 

this area is to develop new therapeutic interventions that work through pharmacological, 

behavioral, or surgical means.13  This creates a need for testing platforms that can evaluate 

the efficacy of these interventions with measurements of hemodynamic parameters over 

long periods. 

Many studies focus on restricting the expansion of the ischemic core and reduce 

tissue damage by targeting the penumbra with neuro-protective agents.4  The degree of the 

injury is highly dependent on the area and duration of the ischemia, as it affects the 

temporal and spatial duration of oxygen deprivation, making the recovery process reliant 

on re-vascularizing these areas to bring in new oxygen.  Vascular remodeling occurs 

through formation of new blood vessels, termed angiogenesis, and flow changes, which 

have been observed in these injured areas, though the mechanisms driving the recovery are 

not well known.  This lack of information stems from limitations of existing techniques 

including invasiveness, shallow imaging depths, and animal models poorly suited for this 

type of study. In order to elucidate the remodeling processes in the brain, we require 

imaging techniques that can non-invasively investigate the cortical hemodynamics and 

vascular anatomy of the brain in a chronic setting.   

Small scale occlusions are another form of stroke implicated in several 

neurovascular diseases, where prolonged hypoperfusion and atherosclerosis within the 



 3 

microvasculature have been observed in regions of the brain associated with the memory 

circuitry in Alzheimer’s disease patients.14  These type of occlusions are prevalent with 

ischemic strokes after the main thrombus has broken up and begins to flow down-stream 

and block smaller diameter vessels. The role of microvasculature and capillary beds in 

clearing cellular waste has recently been posed as a contributing factor to Alzheimer’s 

disease.15  The cerebrovascular architecture seems to be unique in that it doesn’t follow the 

nutrient and waste exchange found in other circulatory systems of the body.  Regional 

supply routes in the brain are dominated by specific arterial braches of the carotid artery.  

Branches of the middle cerebral artery (MCA) and anterior cerebral arteries (ACA) supply 

large segments of the gray matter, while supply routes from the meninges feed the cerebral 

cortex.  Occlusions found in these regional supply arteries, specifically the MCA, account 

for the majority of persistent global ischemia. Downstream of these arteries are arterioles 

critical to supplying the cortical microvasculature, beginning as pial vessels and 

penetrating down into the cortex.16  These penetrating arterioles are predominately 

responsible for oxygenating the cortical layers, and recent studies measuring blood flow 

and cell death suggest that a clot in one of these arterioles results in a greater focal ischemia 

than clots in large pial arterioles or micro-vasculature in the rodent brain.17 Clinically, 

occlusions within the penetrating arteries and arterioles, known as lacunar infarcts, account 

for nearly 25% of all ischemic strokes.18  Part of our study will examine the rebuilding of 

the vascular architecture after strokes in pial arterioles and penetrating arterioles both at 

the surface and below the surface of the cortex.  By characterizing the vascular progression 
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in and around the occlusion site using optical imaging techniques, we will have the 

platform to understand and further develop neurorestorative therapies. 

1.1 IMAGING OF HEMODYNAMICS IN THE BRAIN 

Many imaging modalities have been developed to better understand the hemodynamics 

and functions of the brain.  Optical techniques have played a critical role in understanding 

the neurovascular dynamics of normal19 and diseased pathologies, such as stroke20, 

epilepsy21, Alzheimer’s22, and Parkinson’s.23  Despite these advances, optical techniques 

are limited in the clinical setting the inability of light to be delivered through the skull 

without significant scattering.  For animal models in the research setting, effects of 

scattering from the skull can be eliminated by a surgical procedure to replace the skull with 

an optically clear cranial window.  This window allows direct access to the brain, allowing 

for hemodynamic changes during pathophysiological events to be measured. 

Understanding of human hemodynamics relies on well-established techniques such as 

magnetic resonance imaging and positron emission tomography to probe the function and 

metabolism of the human brain. 

1.1a Non-Optical Hemodynamic Imaging 

The main clinical technique used for studies of hemodynamic changes in the brain 

is Magnetic Resonance Imaging (MRI).24,25  With the ability to observe structural anatomy 

and localize functional changes without the need for contrast agents, MRI has become a 

standard tool in the clinical setting for studying neurovascular function.  Functional studies 

with MRI largely depend on observing changes in the blood oxygen level (BOLD) signal 
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due to the paramagnetic deoxyhemoglobin species.  As the brain is functionally stimulated, 

the BOLD signal within the responding region can be observed by the recruitment of 

oxygen, giving MRI the ability to measure the cerebral metabolic rate of oxygen 

consumption, or CMRO2, within this region.  This gives an indirect measure of the cerebral 

blood flow (CBF) of the area, as the metabolic rate is dependent on CBF.  One of the main 

drawbacks of MRI is the low temporal resolution for these fMRI studies.  Though the 

CMRO2 can be presented from regions of the brain, studies lack the resolution to 

specifically probe the microvasculature. 

Other clinical techniques have shown the ability to measure functional changes in 

the brain with high sensitivity, such as positron emission tomography (PET).  This 

technique relies on an exogenously delivered contrast agent, one of which is 

fluorodeoxyglucose (FDG), which has been used for tracking glucose consumption.24, 25  

Transcranial ultrasound measurements in the human brain have shown the ability to 

measure changes in the CBF associated with vascular pathologies affecting large supply 

arteries.28  Both of these techniques provide insight into the neurophysiology and anatomy 

of the human brain, but lack the resolution to specifically probe the CBF dynamics of the 

microvasculature.  

1.1b Optical Imaging of Hemodynamics 

Optical imaging modalities offer techniques that are able to offer a good 

combination of spatial and temporal resolution for imaging in the brain, so long as optical 

access can be achieved.  Increased resolution is important for studying physiological events 



 6 

in the brain that generally contain complex temporal and spatial dynamics. These 

techniques also directly benefit from constantly improving camera and detector 

technologies.  Improvements in the optical imaging field have also resulted from increased 

camera sensor sensitivity and decreased readout and dark current noises. As a result of the 

commercial interests in this area, optical imaging systems generally have lower costs than 

other modalities due to less expensive components and reduced amount of required 

infrastructure to house and operate equipment, making them more accessible to a larger 

range of experimenters.  

In the clinical field, the most prevalent form of optical imaging of hemodynamic 

parameters comes in measuring arterial oxygen saturation.  This technique requires no 

contrast agent, as it is based off absorption differences between oxygenated and de-

oxygenated hemoglobin. Measurements are able to be taken from vessels near the surface 

of the skin, allowing for pulse oximetry to remain a non-invasive technique.  Other optical 

techniques have been sparingly used in clinical settings, such as transcranial near-infrared 

spectroscopy (NIRS), used for visualized functional and damaged cerebral 

hemodynamics.22, 23   

The use of hemoglobin to establish a contrast agent can also be used for functional 

blood flow information, such as with Imaging of Optical Intrinsic Signals (OIS), which 

uses a camera to measure changes in the reflectance of tissue to a particular wavelength.31  

These changes can originate from a number of physiological variables such as blood 

volume, oxygenation, and metabolic activity.32  Due to high spatial and temporal resolution 

without the need for exogenous dyes, imaging of OIS can obtain information about 
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functional stimulation, and has provided insights into the functional organization of the 

cortex.33–35   This technique can be used to image the changes in cortical reflectance arising 

from the hemodynamic changes accompanying functional activation.  In a research setting 

for cerebral hemodynamics, multi-spectral absorption of hemoglobin has been used in 

combination with relative CBF information from Laser Doppler or Speckle Contrast 

imaging to obtain estimates of the relative metabolic activity or the cortex. 

By either tracking or labeling the erythrocytes, or red blood cells, optical imaging 

techniques can directly measure flow velocities in vessels where the lumen is thin enough 

to image through.  In small animals, such as rodents, the technique is viable for imaging 

vasculature at the cortical surface through cranial windows provided the sampling criteria 

are met. For intrinsic measurements of the surface vessel velocities, a high speed camera 

can be used to follow erythrocytes in space and time.  In the case of laser scanning 

microscopy, fluorescent contrast agents can be used to label the blood plasma and track 

erythrocytes over a spatial span, called a line scan, by observing the negative contrast they 

present.  These absolute measurements of flow velocities can be used as a gold standard 

for comparison of flows measured with DLS-based imaging methods. 

1.1c Dynamic Light Scattering based Techniques 

Monitoring the dynamics of perturbations in the blood flow in vivo for normal and 

diseased pathologies is of critical importance to understanding neurovascular function.  

Optical techniques based on dynamic light scattering (DLS), such as Laser Doppler 

Flowmetry (LDF), Laser Speckle Contrast Imaging (LSCI), and photon correlation 
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spectroscopy, are often utilized to monitor blood flow.36  Though each of these techniques 

varies in measurement geometry and analysis, they are all based on intrinsic signals from 

laser-tissue interactions, with no need for exogenous dyes. 

Imaging techniques based on DLS have recently shown the ability to accomplish 

rapid particle sizing and flow analysis.37–39  Monitoring of the relative cerebral blood flow 

in vivo at a single spatial location with high temporal resolution has been demonstrated 

with LDF.  The main drawback of this technique is the lack of spatial information, which 

can be alleviated by introducing a scanning component, though a tradeoff with the temporal 

resolution must be made.  The alternative to LDF is laser speckle contrast imaging, which 

offers a widefield mesoscopic perspective of blood flow.  With this technique, the camera 

images interference patterns formed by dynamically scattered coherent light40 traveling 

slightly different path lengths.  LSCI offers a technique with scalable fields of view that 

typically achieves millisecond temporal resolution with a spatial resolution on the order of 

tens of microns.  This technique is also non-invasive other than the need for optical access, 

and presents a relatively simple and inexpensive technique for obtaining depth-integrated 

information on the relative dynamics of the CBF.  Over the past decade, LSCI has emerged 

as a powerful imaging modality for real-time in vivo measurements of relative blood flow. 

1.2 SPECIFIC AIMS 

 The overall aim of this dissertation is to utilize and further develop optical imaging 

techniques capable of measuring absolute changes in hemodynamic parameters associated 
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with vascular and functional progression after ischemic stroke.  The specific aims of this 

research are to: 

 Utilize Two-Photon Microscopy and Multi-Exposure Speckle Imaging to 

chronically monitor the vascular progression of the cortex following photo-

thrombotic ischemic stroke. 

 Develop an optimized Multi-Exposure Speckle Imaging technique capable of 

sufficient temporal resolution to measure the functional blood flow response to 

forepaw stimulation and compare results with an existing LSCI technique. 

 Monitor the chronic functional blood flow dynamics of the mouse forepaw response 

after photo-thrombotic ischemic stroke with Functional Activation MESI 

technique. 
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Chapter 2: Instrumentation and Methods 

Optical imaging systems generally utilize the absorption and scattering properties 

of either endogenous chromophores or exogenous dyes by exposing a sample to a particular 

wavelength of light and analyzing the reflected light or induced fluorescence.  The first 

imaging system described in this chapter will be Laser Speckle Contrast Imaging, followed 

by an extension to this technique termed Multi-Exposure Speckle Imaging.  In addition to 

these imaging techniques will be a depth-resolved technique termed Two-Photon 

Fluorescence Microscopy.  Methods for photo-thrombotic stroke utilized in Chapters 3 and 

5 will also be described in this chapter, as well as the progression of optical techniques this 

research used for imaging functional forepaw response in a mouse model. 

2.1 LASER SPECKLE CONTRAST IMAGING 

Laser Speckle Contrast Imaging (LSCI) is a technique that offers a full field, depth-

integrated view of relative blood flow.  This technique was introduced in 1981 by Fercher 

and Briers,41 and has become increasingly popular as camera technology has improved.  

The physics behind LSCI are very similar to those in Laser Doppler Flowmetry, which uses 

the Doppler Effect to detect the frequency shift of laser light as it encounters a moving red 

blood cell, allowing for point measurements of blood velocity.  With LSCI, a camera 

records a speckle image when a specimen is illuminated by a coherent laser light source 

due to the light reaching each pixel of the image having traveled slightly different 

pathlengths.  The speckle pattern exhibits time varying changes which contain information 

about the motion of the moving particles encountered in the specimen, such as perfused 
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tissues.  The advantage of LDF is its high temporal resolution, though measuring full-field 

images would require a scanning source, making the technique very time consuming.  By 

replacing the point detector with a camera to collect laser light after it is scattered off of 

the tissue surface, LSCI’s spatial resolution does not come at the expense of scanning time.  

Combining this technique with a high speed camera allows LSCI to achieve millisecond 

temporal resolution with tens of microns spatial resolution.  This technique also requires 

no direct contact with tissue, though optical access is necessary, making LSCI a great 

technique for obtaining detailed CBF measurements without disturbing the physiology of 

the brain.   

Many groups have used LSCI for imaging CBF dynamics, with studies including 

stroke,42–44 functional activation,45,46 and even human studies during intra-operative 

neurosurgery.47,48  LSCI is also finding applications outside the brain in the skin37 and 

retina.49,50 

 Laser Speckle Contrast Imaging relies on illuminating the specimen with coherent 

laser light that produces a speckle pattern at the camera due to the slight difference in 

pathlengths traveled by the light at each pixel.  If the sample contains scattering particles 

in motion, such as flowing blood cells, they manifest themselves as temporal fluctuations 

in the imaged speckle pattern.  Several techniques utilize coherently scattered light for 

monitoring of tissue perfusion, including Laser Doppler Flowmetry,51,52 and diffuse 

correlation spectroscopy.53,54  These fluctuations are integrated over the exposure time of 

the camera, resulting in the appearance of blurring of the speckle pattern.  When choosing 

a camera exposure time for biological samples, LSCI requires an integration period slightly 
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longer than the motion dynamics of the specimen, approximately 1 millisecond, to result 

in a visible blurring of the raw speckle image.  The degree of blurring is dependent on the 

camera exposure duration, and can be quantified by taking the ratio of the standard 

deviation, σs, to the mean intensity of pixel values, <I>, over a small pixel window, 

producing a value known as the speckle contrast, K.55,56 

I
K s
  

      (Eqn. 1) 

The speckle contrast value is computed at each point in the image from the 

surrounding 5 x 5 or 7 x 7 region of pixels, producing a spatially resolved map of the 

speckle contrast over the field of view.  Higher regional flows will result in more speckle 

fluctuations at a given exposure, raising the measured speckle contrast value for those 

pixels.  As the exposure duration is shortened, only the highest flows are able to be captured 

due to their high speckle fluctuations.  In order to capture flow in regions of lower flow, 

such as small vessels, the exposure duration must be increased to allow the camera capture 

their slower speckle fluctuations.  The spatial analysis of the temporal phenomena assumes 

equivalence of spatial and temporal (e.g. ergodic) statistics.  This assumption breaks down 

in two particular scenarios, areas with the either absence of flow or significant 

contributions of static scattering.  Both of these scenarios can be accounted for through 

multiple exposure imaging.  Though using a spatial window to compute speckle contrast 

lowers the spatial resolution of the technique, LSCI simulations using actual neurovascular 

anatomies have indicated that a large degree of spatial integration already occurs in 

widefield speckle imaging, 57 suggesting that imaging regions are sensitive to neighboring 
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and sub-surface flows that likely remove the effects of any added blurring caused by the 

moving spatial window. 

 

Illustration 1: Laser Speckle Contrast Imaging.  Raw speckle image of scattered laser 

light from tissue imaged onto the CCD (left).  Image of speckle contrast 

values, K, computed from raw speckle image by a moving 5 x 5 window 

(right).  Areas of high flow originate from small fluctuations over the 

camera exposure duration (red) while areas with low flow result from 

high fluctuations (blue). 

With LSCI, an approximation of the correlation time of the speckles, τc, which 

quantifies the observed rate of dynamic light scattering can be made. This allows an 

estimate of the inverse correlation time (ICT: 1/τc), which can be used to determine relative 

change in the CBF velocity.  Stemming from Fercher and Briers,41 and improved upon by 

Bandyopadhyay58 and later Dunn and Parthasarathy,59 we have arrived at a mathematical 

model relating our speckle variance to a fixed exposure time, allowing us to decouple flow 
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contribution from speckle contrast measurements by finding the temporal autocorrelation 

decay time of the speckles.  This speckle autocorrelation time has been posed to be 

inversely proportional to the speed of the scattering constituents60 in a single scattering 

regime, and weighted by the number of dynamic scattering events under multiple 

scattering.61  Some studies have shown that the inverse correlation times of specific regions 

and full-field regions correlate well with CBF in vivo, assuming single dynamic 

scattering.43,62  The exact physical relationship between the inverse correlation times and 

the cerebral blood flow across both resolvable and unresolvable vasculature requires 

further examination, but is known to be a function of the specimen properties and imaging 

geometry.51  The speckle correlation time is typically extracted from the following relation: 
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 where x = T/τc. This relationship highlights that the observed contrast is a function of the 

exposure duration of the camera, the autocorrelation time of the field, and is scaled by the 

instrumentation factor, β.  Both this model and its further simplified variant have been used 

to predict similar 1/τc changes63 in the relative CBF dynamics have been used in a wide 

range of blood flow imaging applications.64    

Inverse correlation times from speckle imaging have often been reconciled both 

theoretically65 and empirically63,66 with those measured with laser Doppler flowmetry.  The 

inverse of the correlation time is often interpreted as being proportional to the speed of the 

moving particles (i.e. blood cells), an assumption retained from Laser Doppler Flowmetry 

(LDF) of capillary flow.51  With this assumption, in the limiting case of imaging an isolated 
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capillary vessel, the inverse correlation times present a measure of the volumetric flux 

through the vessel.  When measuring only relative flow dynamics from the same region, 

this assumption may scale to larger vessels, which has been shown by a number of 

calibration studies in single microfluidic flow channels with comparable sizes to large 

rodent micro-vasculature,67–71 where the changes in the speckle flow indices have been 

significantly proportional to the pump flow rate dynamics.  This result leads most studies 

to interpret the ICT measurements as the flow velocities in their vessels.  However, this 

assumption does not account for variations in blood vessel caliber and hematocrit, and is 

potentially inaccurate.  There is also the case when ICT measurements are taken from 

parenchymal regions, where the speckle flow indices cannot be deterministically 

decoupled to each contributing micro-vessel.  Though ICT may not directly represent flow 

velocities, strong correlations between speckle based flow measures and alternative 

perfusion indices72–75 across single vascular and parenchymal regions suggest that relative 

changes in flow dynamics within any given region of interest may be accurately captured 

with LSCI, allowing for the use of ICT measurements to describe a regional perfusion 

index in arbitrary physical units. 

The hardware scheme for basic LSCI consists of a laser and CCD camera, with 

optics to expand the laser light to illuminate the region of interest as well as collection 

optics to focus the scattered light onto the CCD.  Lasers generally used for hemodynamic 

imaging in the brain are in the red to near infrared wavelengths where the light is known 

to have low absorption with high scattering coefficients, allowing for deeper light 

penetration to sample more tissue.  This simple LSCI technique can utilize widely available 
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diode lasers in these wavelength ranges. The other main component of the basic LSCI setup 

is the camera.  Choices of specific cameras for LSCI vary widely, but inexpensive cameras 

have demonstrated the ability to provide blood flow information for detailed physiological 

studies.76,77  The raw speckle image (Illustration 1) is a result of the scattered light from 

the cranial window reaching the camera, allowing for computations of speckle contrast. 

 Criticisms of LSCI have been the inability to measure and quantify an absolute 

baseline.78  Although this is may not present a hindrance to groups studying small changes 

in CBF dynamics in acute settings,44 the lack of absolute measurements will limit the ability 

to compare measurements over a chronic setting, as well as large changes (>50%) in an 

acute setting, as each single exposure used for LSCI has a flow range in which the relative 

measurements are accurate.  For this reason we will use multiple exposure durations to 

obtain speckle contrast measurements, and subsequent inverse correlation time 

measurements, with increased quantitative accuracy.   

2.2 MULTI-EXPOSURE SPECKLE IMAGING 

Multi-Exposure Speckle Imaging (MESI) has been shown to provide high 

quantitative accuracy of chronic blood flow dynamics and reliable spatial perfusion indices 

that help to characterize the vasculature over periods of several weeks.79  In addition to 

this, LSCI has also been shown to underestimate large changes of flow, which will 

drastically change results in occlusion studies.59  This critique of LSCI is also solved by 

using MESI, which is shown to accurately model flow change from an induced stroke.80  



 17 

Multi-Exposure Speckle Imaging for these studies was performed79,81 by 

illuminating the cranial window with a laser diode (λ=660 nm, Micro Laser Systems, 

Garden Grove, CA, USA).  An acousto-optic modulator was used to control the exposure 

and amplitude of the illumination, while a camera (A602f: Basler Vision Technologies, 

Ahrensburg, Germany) was simultaneously triggered over 15 exposure durations ranging 

from 0.05 ms to 80 ms.  The backscattered light from cranial window was collected by a 

10 × objective (Figure 1A) and imaged onto a CCD camera.  Each of the chosen 15 

exposure durations generated a single exposure speckle contrast value at each pixel, and 

together are used to generate one MESI computed frame (Figure 1B). 

 

Figure 1:  (A) Schematic of Multi-Exposure Speckle Imaging hardware. Dichroic 

mirror was used to deliver 532nm laser for photo-thrombotic occlusion. 

AOM, acousto-optic modulator. CCD, charge coupled device. (B) Multi-

Exposure Speckle Imaging inverse correlation time (MESI ICT) image of 

flow computed from 15 exposures.  Increased flow is denoted by darker 

pixels. Scale bar = 500 µm. 
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With the MESI model, the dependence of the speckle contrast value, K, on the 

exposure duration of the camera, T, is mapped to obtain a better determined estimate of the 

correlation time of the speckles, c , at each pixel:   
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Where x= T/τc,  is the fraction of light dynamically scattered,  is a normalization factor 

to account for speckle sampling, and noisev  accounts for instrument noise.59  By accounting 

for the exposure dependence, instrument factors can be estimated regardless of speckle 

sampling, enabling a more absolute estimate of the inverse correlation time.  A significant 

improvement with MESI is the ability to account for the effects of heterodyne mixing,51 

where light is scattered by both moving and stationary particles in the specimen.  This 

process is particularly necessary when examining measurements from parenchymal flows 

as well as though thinned skull preparations.82,83 

Both in vitro and in vivo validations of MESI have demonstrated substantial 

improvements in the quantitative accuracy of the speckle flow measurements.70,75,82,84,85 

Within resolvable surface vessels, ICT measurements have been shown to be proportional 

to red blood cell speed with MESI.79  In regions of parenchyma between resolvable vessels, 

where contributions to speckles result from the integration of scattering over a host of 

unresolvable microvasculature, the ICT measurements can be treated as a regional 

perfusion index.45,76,86 
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2.3 TWO-PHOTON FLUORESCENCE MICROSCOPY 

 Two-photon fluorescence microscopy is an optical imaging modality that provides 

significant improvements over widefield and single photon confocal microscopy.  This 

technique utilized near-infrared laser excitation for better depth penetration and limits both 

photo-damage and out of focal plane excitation, allowing for improved depth resolution 

and sectioning.  The combination of two-photon microscopy with the designing of more 

efficient fluorescent contrast agents has resulted in this optical imaging technique widely 

expanding the possible uses for in vitro and in vivo studies.  Multiphoton absorption and 

excitation was theorized in 1931 by Maria Goeppert-Mayer in her doctoral dissertation.87 

Specifically within this multiphoton regime, two-photon absorption takes advantage of 

nonlinear processes of intense light.  Being a nonlinear process, two-photon absorption 

efficiency is intensity dependent, requiring high spatial and temporal co-localization of the 

photons.  This is achieved by use of a high repetition rate femtosecond laser source in 

combination with high numerical aperture objectives.  Further advances in fields of 

photochemistry and optical engineering also progress two-photon microscopy further, with 

recent improvements in resolution breaking the diffraction limit with Two-Photon 

Excitation - Stimulated Emission Depletion Microscopy.  

The process behind multiphoton excitation is that when a sufficiently high photon 

density is reached, two photons of half the energy difference of an electronic transition can 

simultaneously absorb.  This simultaneous moment can be more appropriately 

characterized as a temporal transition period of approximately 0.5 fs or less, which is the 

approximate lifetime for the notion of the intermediate one photon virtual transition step.   
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Depth localization with two-photon microscopy comes from the fact that the probability of 

two-photon absorption depends on the squared incident intensity, which spatially confines 

the generation of fluorescent signal to the focal spot size of the microscope.  This depth 

confinement process was first demonstrated by Denk and Webb in 1991,88 allowing for 

three dimensional sectioning of the imaged object by constraining the presence or absence 

of fluorescent signal to only the focal volume.  This ability to observe living cells in three 

dimensions makes two-photon microscopy an invaluable technique in the progression of 

in vivo imaging. 

Two-photon fluorescence microscopy was used in conjunction with LSCI system, 

which provided a surface view of the animal allowing for targeting of the same regions of 

interest (Illustration 2).  This combination of techniques allowed for depth-resolved and 

depth-integrated images of the same regions to be co-registered. 
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Illustration 2:  Speckle contrast image (left) of cortex used for targeting region of 

interest and corresponding two-photon projection (right) of labeled 

vasculature to depths of 300 µm. Scale bar = 500 µm. 

  

Two-photon fluorescence microscopy was performed using a custom-built system 

that also integrates laser speckle contrast imaging (Figure 2).  The system uses a large back-

aperture objective with a long working distance, two-inch collection optics, and un-cooled, 

un-housed photon-counting PMTs (H10770PB-40, Hamamatsu Photonics, Japan) to 

optimize collection efficiency.89 A Ti:sapphire femtosecond excitation laser (Mira 900f, 

140fs, 76MHz, Coherent Inc.) was tuned to optimize acquisition of signal from the 

fluorescent vascular label.  Laser intensity was controlled with an electro-optical 

modulator, and a dichroic mirror, D1, was to separate excitation and emission light.  Laser 

speckle imaging was used to identify and target vascular regions imaged in previous MESI 
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sessions (Illustration 2).  Collection of LSCI signal used the same objective, with a dichroic 

mirror, D2, separating LSCI contributions from two-photon emission light.  The system 

allowed for an X-Y resolution of 1.12 µm per pixel. 

 

Figure 2:  Schematic of custom two-photon microscope with integrated laser speckle 

contrast imaging. EOM, electro-optic modulator. PMT, photo-multiplier 

tube. DAQ, data acquisition. D1, dichroic mirror used to separate two-

photon excitation and emission.  D2, dichroic mirror used to collect laser 

speckle measurements. X-Y resolution of 1.12 µm per pixel. 

 

2.4 VASCULAR OCCLUSION VIA PHOTO-THROMBOSIS 

To induce a focal ischemia in the animal, we use photo-thrombotic mechanisms 

that utilize photosensitizing agents with triplet states that produce an elevated reactive 

oxygen species concentration when exposed to a photo-initiator.  For these experiments 

our photosensitizing agent was Rose Bengal administered via injection to the animals 
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(0.2mL 15mg/mL, intraperitoneal).   This agent has been shown to be fast-clearing, which 

is optimal for these chronic studies.42,90,91  Our photo-initiator was a 532 nm green laser 

(Aixiz, USA) fiber coupled into the system to deliver focused illumination.  The laser was 

focused on the targeted descending arterioles (0.6 mm diameter focal spot, 20 mW).  The 

goal of the photo-thrombotic occlusion was to disrupt oxygen delivery to the local area and 

descending arterioles have been shown to serve as bottlenecks in the cortical oxygen supply 

(Figure 3).17  

 

Figure 3: Two-photon microscopy projection of vasculature with partial pressure of 

oxygen (pO2) measurements along the descending arteriole displaying large 

drops in pO2 as the arteriole descends. Arrows denoting direction of flow. 

Scale bar = 100 µm. 

As the focused photo-activation occurs at the edges of the vessel lumen, the 

photosensitizing agent can generate localized concentrations of singlet oxygen.  This 
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causes platelets in the blood to respond by releasing clotting factors and initiating a clotting 

cascade.  The result is a thrombus that can completely occlude the entire lumen cross-

section in under a minute.  The resulting oxygen supply within these arterioles after these 

photo-thrombotic occlusions shows large deficits penetrating into the cortex (Figure 4).  

This causes the brain to begin attempts at recovery of the area and re-oxygenation of the 

tissue around the occlusion site. 

 

Figure 4:  Two-photon microscopy projections of vasculature overlaid with pre- and 

post-stroke partial pressure of oxygen (pO2) measurements within a 

descending arteriole that served as a stroke target.  Red arrow denoting the 

site where the photo-activating laser was focused. 

We use both LSCI and two-photon microscopy routinely to confirm clot formation 

and retention.    Due to the vessel having no flow, there is no longer any contrast in the 

speckle image to differentiate the vessel from the surrounding tissue (Illustration 3).  This 

is why it appears that the vessels disappear at the two targeted occlusion areas in Illustration 
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3.  The first post-occlusion imaging session were done approximately 1 hour after clot 

formation, allowing us to ensure that the thrombus has not been cleared. 

 

Illustration 3:  Laser speckle contrast image of pre-stroke vasculature (left) and 

corresponding speckle contrast images after two targeted photo-

thrombotic strokes delivered at 2 targets (middle) illustrating the lack of 

flow within the vessels causing loss of contrast in the image. Scale Bar = 

400 µm.  Line scans taken within arteriole denoted with circle at pre- 

and post-occlusion time points (right). 

2.5 OPTICAL IMAGING OF FUNCTIONAL RESPONSE 

Imaging brain function with optical technique relies on measuring changes in the 

absorption and scattering properties of the tissue.  The progression of techniques utilized 

in this graduate research for measuring functional responses of the rodent cortex to forepaw 

stimulation include optical imaging of intrinsic signals (OIS), LSCI, and a MESI-based 

technique.  Both OIS and LSCI provide only a map of relative change, leading to a need 

for quantitative measurements of functional response for a chronic study.  The development 
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of a technique to measure absolute changes in functional blood flow responses using 

multiple exposures is documented in Chapters 4 and 5. 

Optical Imaging of Intrinsic Signals uses a camera to measure changes in the 

reflectance of tissue to a particular wavelength.31  These changes can originate from a 

number of physiological variables at each wavelength such as blood volume, oxygenation, 

and metabolic activity.32  Due to high spatial and temporal resolution without the need for 

exogenous dyes, OIS can obtain information about functional stimulation, and has provided 

insights into the functional organization of the cortex.33–35  This technique was initially 

used in this research for functional mapping of the forepaw response with 580 nm light 

from a light emitting diode as the chosen wavelength (Figure 5).  As 580 nm light 

corresponds to the highest absorption of oxygenated hemoglobin, a decrease in the 

reflectance is known to coincide with an increase in oxygenated hemoglobin within the 

area of interest.  This information is then used to tell us that the cortex is being activated,  

thus drawing more oxygen, in these areas (Figure 5).  A drawback of OIS is that even 

though the absorption coefficient of oxygenated hemoglobin is the main component in the 

change in reflectance, many other chromophores also contribute to the signal, making it 

difficult to quantify changes in a particular variable of interest.  Measurements are therefore 

limited to relative changes in the reflectance with OIS. 
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Figure 5: Map (left) of relative change in reflectance of 580 nm light with imaging of 

optical intrinsic signals during piezo-electric forepaw stimulation. Scale Bar 

= 500 µm.  Reflectance image (right) of vasculature under baseline 

conditions with responding region overlaid in green. 

Laser Speckle Contrast Imaging, as described previously in this chapter, can also 

be used as an optical technique for measuring functional changes of the blood flow due to 

forepaw stimulation.  This technique, when sampled with sufficient temporal resolution, 

allows for measurements of the change in blood flow due to the stimulation.  This increase 

in the demand for blood flow in the cortex is associated with higher functional activity of 

this region, allowing a functional map of the relative response to be produced (Figure 6).  

Different camera exposures can be used for LSCI to slightly alter the distribution of flows 

sampled, but 5 ms is generally used for functional activation of the rodent cortex, as it has 

been shown to display high SNR when capturing the response.76 
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Figure 6: Laser Speckle Contrast Image (left) of vasculature under baseline 

conditions.  Scale Bar = 500 µm. Response map (middle) of relative change 

in speckle contrast value during piezo-electric forepaw stimulation with time 

course (right) of region denoted by black box.  Stimulus delivered from 5-8 

seconds. 

Both OIS and LSCI generally require the averaging of functional responses over 

several time intervals, or stimulation blocks, to reduce effects of signals such as instrument 

and physiological noise associated with factors other than the forepaw stimulation.  Figures 

5 and 6 were the result of averaging 25 stimulation blocks, with a piezo-electric transducer 

stimulating the contralateral forepaw at 100 Hz for a period of 3-5 seconds.  Relative maps 

were produced by dividing images averaged over the stimulation period (5-8 seconds) by 

images averaged over the baseline period (0-5 seconds). 

The choice of the piezo-electric transducer was made for the stimulation of our 

chronic animal model, as it provides a non-damaging and easily repeatable technique for 

forepaw stimulation.  The relatively long stimulation periods of 3-5 seconds were chosen 

for better SNR by providing more measurements to average within the stimulated portion 

of the experiment.   The stimulation technique likely activates the forepaw representation 

of the sensorimotor in these mice. This long stimulus also provides another metric on which 
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to observe the effects of ischemic stroke post-occlusion functional blood flow response in 

Chapter 5, as the ability of this region to recruit blood supply over the long stimulation 

duration is impacted. 
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Chapter 3: Progression of Vascular Flow and Structure after Stroke 

Monitoring the progression of the vascular structure and cerebral blood flow (CBF) 

after brain injury is vital to understanding the neurovascular recovery process.  Multi-

Exposure Speckle Imaging (MESI) provides a quantitatively accurate technique for 

chronically measuring the post-occlusion CBF perfusion of the infarct and peri-infarct 

regions in rodent stroke models, while multiphoton microscopy offers direct visualization 

of the microvascular structure.  In this paper, we present imaging outcomes extending 35 

days after photo-thrombotic occlusion, tracking the progression of the vasculature 

throughout this period.  We compare MESI flow estimates within the un-resolvable 

parenchyma to sub-surface microvascular volume fractions taken with two-photon 

microscopy in the same regions to assess how the vascular density influences the surface-

integrated MESI flow values.  The MESI flow measurements and volume fractions are 

shown to have high correlations (r=0.90) within areas of recovering vasculature in the peri-

infarct region. We also observe vascular reorientation occurring within the microvascular 

structure throughout the 35 day post-occlusion period.  With the combination of a chronic 

mouse model and relatively non-invasive optical imaging techniques, we present an 

imaging protocol for monitoring long-term vascular progression after photo-thrombotic 

occlusion with the potential to test the efficacy of rehabilitation and pharmacological 

therapies. 
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3.1 INTRODUCTION 

Post-occlusion microvascular blood flow has been shown to be an important 

indicator of overall tissue outcome.92,93  Many patients experience a partial recovery 

following stroke onset without treatment during a short period of plasticity occurring 

within the region of tissue surrounding the occlusion known as the penumbra.94 This period 

of neuroplasticity is the beginning of the remodeling process, resulting in 

neovascularization and reperfusion of the existing vascular structure within the penumbra 

regions and continuing on into the ischemic core.95 Residual tissue perfusion and vascular 

reperfusion play important roles in the remodeling process and overall post-stroke recovery 

outcomes, giving rise to a need for noninvasive, quantitatively accurate imaging techniques 

capable of repeatedly measuring tissue perfusion during the stroke recovery process over 

an experimental period of weeks to months. 

Traditional optical techniques used in vascular imaging rely either on the tracking 

of contrast agents, such as RBCs or exogenous dyes in laser scanning microscopy,96–99 or 

on dynamic light scattering,  as seen in laser doppler flowmetry60 and laser speckle contrast 

imaging (LSCI).40,43,44,62,100 Recent advances in LSCI termed multi-exposure speckle 

imaging (MESI) have allowed for the technique to move from primarily acute experiments 

to chronic studies through improvements in its quantitative accuracy of blood flow 

measurements.59 By utilizing multiple camera exposures spanning almost three decades in 

duration and improved mathematical models, MESI is able to more precisely sample and 

map the flow distributions prevalent in the rodent vasculature.79 Studies have shown MESI 

to accurately estimate a wide range of flows in vivo, including complete flow reduction 
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during middle cerebral artery occlusions,81 and also shows the ability to determine spatially 

integrated perfusion measurements from unresolvable microvasculature within the 

parenchyma.101  For stroke studies, the technique is able to highlight perfusion boundaries 

within the peri-infarct region to determine the extent of the damage and chronically track 

the progression of the vasculature.79 

Multi-Exposure Speckle Imaging provides high quantitative accuracy of CBF 

dynamics and provides reliable spatial perfusion indices that help to characterize vascular 

progression following ischemic stroke, but remains a depth-integrated imaging technique.  

Two-photon laser scanning microscopy provides a depth-resolved technique with the 

ability to monitor the degree and time-scale of post-stroke vascular structure in three 

dimensions.  Direct visualization of the vessel organization using two-photon microscopy 

is necessary for understanding the physiological origin of the MESI measurements within 

the unresolvable sub-surface microvasculature.  By utilizing this combination of 

techniques, we present a protocol with the ability to chronically track post-occlusion 

neurovascular outcomes at and below the surface of the mouse cortex.  

3.2 METHODS 

This study utilized two optical imaging techniques in Multi-Exposure Speckle 

Imaging and Two-Photon Fluorescence Microscopy, chosen to combine and compare 

measurements from a global, depth-integrated, field of view with a local, depth-resolved 

field of view.  These methods are discussed in more detail in Chapters 2 of this dissertation.  

In addition to these imaging techniques, a chronic animal mouse model was used, with the 
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surgical preparation and upkeep documented in Appendices 1 and 2, as well as the photo-

thrombotic stroke model discussed in Chapter 2.4. 

3.2a Experimental Protocol 

Animals with clear and healthy cranial windows after 4-6 weeks of recovery post-

surgery were anesthetized with 70% N2/O2 vaporized isoflurane via nose-cone and affixed 

to a stereotaxic frame.  Vitals were recorded via pulse oximetry and temperature was 

maintained by feedback as described previously.  Multi-Exposure Speckle Imaging was 

performed over a 2.7 × 2.0 mm field of view centered on the region of interest by collecting 

300 frames at each exposure.  Animals were then carted to a combined two-photon 

fluorescence and laser speckle contrast imaging system, with FITC-dextran (0.1mL, 5% 

w-v, Sigma) administered retro-orbitally to label the blood plasma.  A vascular image stack 

was taken by scanning 600 µm × 600 µm images of the vascular structure every 2 µm in 

depth down to 300 µm. Each animal underwent imaging of a 2 × 2 or 3 × 3 grid of vascular 

image stacks centered on the infarct area, resulting in 1 x 1 mm to 1.5 x 1.5 mm fields of 

view, respectively. 

 

Illustration 4: Experimental time line for Chapter 3 Study. 
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The experimental time line used for this study is displayed in Illustration 4.  Multi-

Exposure Speckle Imaging experiments were conducted twice weekly, with 2 weeks of 

baseline sessions and 5 weeks of post-stroke measurements.  Targeted occlusions were 

delivered immediately after the final baseline imaging session.  Post-occlusion imaging 

sessions were performed twice weekly until 21 days after occlusion, then weekly until an 

endpoint of 35 days.  Two-photon imaging was performed over the same experimental 

period with 1 baseline session and 7 post-stroke measurements starting at Days 0 and 3, 

then weekly until the 35 day endpoint.  All experiments were approved by the Institutional 

Animal Care and Use Committee (IACUC) at The University of Texas at Austin under 

guidelines and regulations consistent with the Guide for the Care and Use of Laboratory 

Animals, the Public Health Service Policy on Humane Care and Use of Laboratory 

Animals (PHS Policy) and the Animal Welfare Act and Animal Welfare Regulations. 

3.2b Image Processing Techniques for Data Analysis 

Images of ICT measurements taken with MESI were processed in MATLAB 

(Mathworks, Natick, MA).  To reduce variability between animals and focus on signal 

attributed to unresolved microvasculature, an image processing script to remove surface 

vessels from ICT maps was developed, leaving only ICT measurements taken within the 

parenchyma (Figure 7).  These parenchymal ICT values were used in comparisons with 

sub-surface measurements of volume fractions from two-photon imaging.  Though the 

contributions from surface vessels are not eliminated, as the speckle contrast measurements 
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are still laterally sensitive to the high speed surface vasculature, they are at least minimized 

with this thresholding technique. 

 

Figure 7:  Multi-Exposure Speckle Imaging inverse correlation time (MESI ICT) map 

of cortex and corresponding map with surface vessels extracted, leaving 

only parenchyma ICT values. Scale Bar = 250 µm. 

To increase the field of view without sacrificing spatial resolution of the two-

photon images, vascular stacks were taken around the region of interest and stitched 

together in post-processing (Figure 8).  This process was done in ImageJ with an algorithm 

developed by Preibisch et al,102 resulting in a much larger field of view encompassing the 

infarct area and extending into the surrounding peri-infarct regions.  After stitching, ImageJ 

was then used to filter and binarize the vascular stacks in order to calculate volume 

fractions seen in each 100 µm layer of vasculature. Li’s Minimum Cross Entropy 

thresholding was used in ImageJ to convert vascular stacks to binary maps.103 
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Figure 8: Maximum intensity projections from four individual two-photon vascular 

stacks (left) of 600 x 600 x 300 µm that were stitched together using ImageJ 

software. Projection of 2 x 2 stitched maximum intensity projection (right) 

of all 4 vascular stacks shown. Scale Bar = 500 µm. 

 

Binary images of the sub-surface vascular structure were read into MATLAB to 

analyze the distribution of orientation angles seen in these vessels.  This analysis used the 

Radon transform,104,105 which takes line integrals at different tangents along the image.  A 

sinogram (Figure 9) of the Radon transform was generated in order to calculate the variance 

at each angle, σ2(θ).  This variance measurement describes the distribution of vessels 

oriented at each angle.106  By comparing the variances between angles, the distribution of 

the angular orientations in the binary projection can be measured. 
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Figure 9: Sinogram displaying the variance from a Radon transform of a two-photon 

region of post-stroke microvasculature at 90° angle to infarct center.  The 

variance of this sinogram describes the distribution of orientation angles 

within the imaged vasculature. 

3.2c Histology and Statistical Analysis 

Following the final imaging sessions at the Day 35 post-occlusion time point, 

histological assessments of the mouse brain were taken to study the lesion size and location 

(Figure 10).  Nissl staining of a 30 µm coronal section with toluidine blue was used.  This 

stain is selective for Nissl bodies found predominantly in polyribosomal structures in the 

soma and processes of neurons and glia, and the absence of the stain is indicative of an 

absence of cells. 
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Figure 10: Nissl stained coronal section (50 µm thick, 300 µm spacing) with toluidine 

blue after 35 days post-stroke imaging with infarct area labeled. Scale bar = 

1 mm. 

In order to determine if baseline pre-stroke MESI ICT values were statistically 

different from post-occlusion measurements, two-tailed paired t-tests were used.  This 

same analysis was used for comparing pre-stroke and Day 35 post-stroke angular 

orientation data sets. 

3.3 RESULTS 

3.3a Cerebral Blood Flow Progression 

Measurements of the pre- and post-stroke CBF dynamics of each animal (n=6) were 

taken with MESI, beginning with 3 pre-stroke measurements taken over a period of two 

weeks to establish a stable baseline.  A baseline parenchymal ICT value was established 

for each animal by averaging parenchymal ICT values within a 1 × 1 mm region centered 

on the targeted arteriole over all baseline measurements.  This 1 x 1 mm region was chosen 

for the occlusion site by identifying an area of vasculature containing a descending arteriole 
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and minimal surrounding surface vasculature to be sure the occlusion impacted the regional 

blood supply.  Due to these two constraints, the baseline parenchymal ICT value 

established by this area was generally lower than surrounding areas, which can be seen in 

Figure 11. With this baseline ICT value, relative ICT maps were created (Figure 11) to 

identify perfusion boundaries created by the occlusion, including regions of at-risk tissue 

with moderate flow deficits (<75% baseline flow) and severe flow deficits (<25% baseline 

flow).  The ICT measurements taken just after photo-thrombotic occlusion labeled as the 

‘Day of Stroke’ were much lower globally than all other experiments due to animals being 

on anesthesia for a significantly longer period of time than on other experiment days 

(Figure 11).  



 40 

 

Figure 11:  Multi-Exposure Speckle Imaging inverse correlation time (MESI ICT) 

images of perfusion before and after photo-thrombosis. Color scale 

established by parenchymal ICT measurements centered on occlusion target.  

Areas of green to yellow denote areas of moderate flow deficit, while blue 

to black denote the areas of severe flow deficit. Top right image contains 3 

annular rings centered on the infarct denoting Zones 1, 2, and 3 for Figure 

12. Day 3 Post-stroke image contains grey box denoting 2 x 2 mm region 

used for Figure 13.  Scale Bar = 1 mm. 

After a period of 10-14 days, substantial flow (>50%) returned to the center of the 

occlusion site (Zone 1), with a severe flow deficit area of <1% of that seen in Day 3 
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(Figures 11 and 12).  This trend of perfusion of the severe flow deficit area by Day 14 was 

consistently observed over all animals. Though there did not appear to be reperfusion of 

the vessel targeted during occlusion over the duration of the experiment with MESI, 

regional perfusion values throughout the peri-infarct region (Zones 2 and 3) were >50% of 

baseline measurements by Day 21 post-stroke (Figures 11 and 12). As very few surface 

vessels were observed within areas of severe flow deficit, these ICT measurements suggest 

that increased flow is occurring within the sub-surface microvasculature.  By Day 28, the 

average area of moderate flow deficit over all animals was reduced to <5% of the area seen 

in Day 3, suggesting the vasculature had fully perfused the occlusion area within this time 

frame. 
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Figure 12:  Plot of relative inverse correlation time (M ± SD) for animal 1 shown in 

Figure 11.  Zones 1, 2, and 3 are annular rings centered on the infarct center 

extending outwards with diameters of 600 µm, 800 µm, and 1 mm, 

respectively. 

Global progression of ICT values averaged over a 2 × 2 mm field of view centered 

on the occlusion site for all animals (Figure 13) were normalized by the average of the 

three baseline values.  Measurements of ICT across the 2 x 2 mm field of view (Figure 11) 

showed significant changes in blood flow from the averaged baseline flow were seen for 

Days 0 and 3 (p<0.01, t-test). Progression was seen between Days 3 and 7, with the average 

severe flow deficit area over all animals shrinking from 0.55 mm2 to 0.15 mm2, and the 

average area of moderate flow deficit shrinking from 1.44 mm2 to 0.65 mm2 (Figures 14).  

Though the areas of moderate and severe flow deficit were still apparent for Animal 1’s 

Day 7 ICT values (Figures 11 and 12), global ICT has returned to an average of 85% of 

baseline for all animals (Figure 13), largely boosted by an increase in the CBF of the 
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healthier vasculature surrounding the peri-infarct region beyond the areas measured in 

Figure 4B.  This large increase in the flow of the healthy vasculature surrounding the infarct 

and peri-infarct regions was observed over the full 35 day post-stroke period.   

 

Figure 13: Plot of relative inverse times correlation over the 2 x 2 mm field of view 

denoted in Figure 4A for all animals (M ± SD, n=6) over the experimental 

time period. The three baseline measurements were averaged together to 

normalize the post-stroke relative measurements.  Asterisks denoting time 

points with statistically significant changes in ICT values (p<0.01, t-test). 

The size of the severe flow deficit area appeared to be reduced to almost zero by 

Day 14 with an average area of 0.048 mm2 (Figure 14), suggesting that even the at risk 

regions with some moderate flow reductions retained enough flow to perfuse the most 

highly damaged tissue at the infarct center. By Day 21, global ICT returned to 98% of 

baseline, though an average moderate flow deficit area of 0.26 mm2 still existed (Figures 

13 and 14).  As the regions with moderate flow deficits shrank further in Days 28 and 35, 

the global ICT surpassed the baseline by an average of 12% (Figure 14). 
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Figure 14: Plot of the Mean ± SD area of moderate (<75% of baseline flow) and severe 

(<25% of baseline flow) flow deficit for all animals (n=6) over 35 days 

post-occlusion. 

3.3b Structural Progression of Vasculature 

Two-photon microscopy projections of vasculature in a 1 × 1 mm field of view at 

depths from 150-180 µm are presented with damaged infarct areas highlighted to show the 

progression of the capillary vessel wall recovery over the post-stroke time course (Figure 

15).  These images correspond to the ICT maps of the animal shown previously (Figure 

11).  Baseline measurements were taken a minimum of 35 days after placement of cranial 

windows to ensure recovery from the surgery, with photo-thrombotic occlusion delivery 

around 50 days post-surgery. Images taken immediately following photo-thrombotic 

occlusion showed extravasation of the fluorescent dye throughout the vasculature, as well 

as a darker halo within the center of the image with the same diameter of the 532 nm 

occlusion laser (Figure 15).  By Day 3, no subsurface microvasculature was visible in 4 of 

the 6 animals, as the combination of cortical damage and dye leakage from the vasculature 
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at the surface prevented any possible imaging of the sub-surface microvasculature for this 

time point (Figure 15).  This leaked dye was seen before injection of fresh fluorescent dye 

on Day 3, suggesting it was not cleared from the area between Days 0 and 3, with the same 

occurrence between Days 3 and 7.  Images taken at Day 7 again showed no sub-surface 

vasculature in the field of view (Figure 15).   
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Figure 15: Two-photon microscopy images of vasculature projections from at a depths 

of 150-170 µm before and after photo-thrombosis. Pre-Stroke Baseline 

taken at smaller FOV. Scale Bar = 300 µm. Yellow regions denote areas of 

unresolvable leaky vasculature excluded from volume fraction analyses. 
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The initial perfusion of the microvasculature into the field of view began on Day 

14, allowing for a line to be drawn to denote the damaged area (Figure 15).  The marked 

region was determined by observing the leading edge of the microvascular perfusion within 

sub-surface depths of 100-300 µm.  Blurry areas appearing as vasculature within the 

marked infarct region originated from shadows of surface vessels as well as signal arising 

from the leakage of dye within the damaged vessels found in areas of severe flow deficit 

(Figure 15).  The photo-thrombotic occlusion also created a slight cratering affect within 

the vasculature, causing some of the initial surface vessels to descend in depth within the 

infarct area (Figure 15).  With each step of the progression, the area within the denoted 

shrinking infarct region had a higher contrast, suggesting that fresh dye was being delivered 

by blood flow to this area, though it leaked out of the damaged vessels (Figure 15). 

Volume fraction analysis was performed by sectioning the stitched vascular stacks 

into layers of 100 µm in depth, giving volumes of 1 mm × 1 mm × 100 µm.  Baseline 

volume fraction for the surface layer (0 – 100 µm) averaged over all animals was 9.6%, 

with averages of 4.2% and 4.1% for the following 101-200 and 201-300, respectively 

(Figure 16).   Due to the extent of dye leakage immediately post-stroke, volume fraction 

for Day 0 could not be measured.  A significant drop in volume fraction of >50% was seen 

in Day 3 measurements for the surface vasculature (Figure 16), though many of these larger 

vessels remained imageable with largely reduced flows.  Volume fractions of the sub-

surface microvasculature within the field of view were measured at 0% for Days 3 and 7 

of the post-stroke period. As these measurements of zero (n=4) and near-zero (n=2) volume 

fraction were limited by the methodological approach being unable to sufficiently resolve 
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deeper vascular depths, the time points for Days 3 and 7 post-stroke are not included in 

Figure 16.  The sub-surface volume fraction from the 101 – 200 µm section for Days 14, 

saw an increase from no apparent imageable vasculature to a volume fraction of 4.5% 

(Figure 16).  While most of the increase for this layer was due to the cratering effect 

mentioned earlier causing surface vasculature to descend into this depth section, an 

accompanying increase in the 201 - 300 µm section to 1.4% volume fraction was also 

observed, and was solely attributed to capillary perfusion into the field of view around the 

periphery of the occlusion site (Figure 16).  

 

Figure 16: Plot of average volume fractions over different depths for all animals over 

35 days of post-occlusion recovery. Asterisks denote time points where 

Two-Photon Volume Fractions could not be measured for sub-surface 

vasculature due to the inability to resolve these depths.  (M ± SD, n=6). 

During the period from Days 14 to 35, the cratering effect of the stroke delivery 

seemed to lessen and recover, causing the surface vasculature to migrate back up into the 

0 – 100 µm section.  During this same period, capillaries perfused the peri-infarct area of 
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the 101 – 200 µm section, serving to balance out the total volume fraction within the 

section.  Due to this lessening of the cortical concavity, a constant volume fraction for the 

101 – 200 µm section was measured after Day 14 (Figure 16), though a distinct progression 

of the microvascular perfusion within images taken within the section was observed 

(Figure 15). 

Histological assessments of the animals after Day 35 imaging sessions showed the 

lesion still remained below the surface of the cortex.  The average lesion size shown with 

Nissl staining over all animals was 400 µm in lateral diameter and extended from 300 µm 

in depth to 1.1 µm.  This lateral size was fairly close to the focal spot size of the 532 nm 

laser used for photo-thrombosis. 

3.3c Vascular Reorientation 

As the sub-surface microvasculature underwent recovery in the integrity of their 

vessel walls while progressing toward the occlusion site, a significant reorientation was 

observed in the orientation of the vessels. Sub-surface sections of the baseline vascular 

stack (Figure 17) were taken every 50 µm in depth and converted into binary projections 

showing the microvascular distribution for each animal at different depths. This process 

was repeated for the each of the post-occlusion vascular stacks, and regions of perfusing 

microvasculature were chosen for analysis, with the angle between the centers of the 

vascular regions and infarct areas defined as 0° (Figure 17).  The Radon Transform analysis 

described previously was performed for each of the binary projections throughout each 

point on the time line.  
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Figure 17: Two-photon microscopy projections from 151 - 200 µm of vascular 

progression during stroke recovery period. The green box denotes one of the 

regions included in the orientation analysis of healthy baseline vascular 

stack. The red boxes on Day 35 highlight 4 regions of interest used for 

orientation analysis, with the yellow lines denoting the angles between the 

center of the region and the infarct center.  This angle, dependent on the 

region, is defined 0° in order create a distribution of post-occlusion regions 

from all animals together based on their position around the infarct center. 

Scale Bar = 500 µm. 

The distribution of angles from regions at each time point were then summed 

together by lining them up along their 0° angle.  The sub-surface regions were from one of 

four depths including 100-150 µm, 151-200 µm, 201-250 µm, or 251 – 300 µm, with each 

depth contributing to the overall distribution at each time point. Though projections in 

Figure 17 only displays projections from the 151-200 µm section, Figure 18 incorporates 
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distribution measurements from all four depths. The measurement process resulted in a 

progression of the distribution of orientation angles toward the infarct center from baseline 

measurements to Day 35 measurements (Figures 17 and 18).   

 

Figure 18:  Plot of angular orientations for all sub-surface depth sections (M ± SD) for 

Baseline (24 regions, n=6), Day 7 (10 regions, n=3), Day 14 (18 regions, 

n=3), Day 21 (21 regions, n=6), Day 28 (20 regions, n=6), and Day 35 (20 

regions, n=6) time points.  Error Bars included for Baseline and Day 35 

every 15°, with comparable error on remaining angles, excluded for figure 

clarity. The plot is centered on 0°, as this has been defined as the angle 

pointing toward the center of the infarct for post-occlusion regions. 

While the baseline vasculature showed a fairly uniform distribution of angle 

orientations, each post occlusion time point shows the vasculature orienting toward the 

infarct center, with the Day 35 distribution displaying a large peak near 0°, the direction of 

infarct center (Figure 17). Almost 40% of the vascular distribution for Day 35 falls between 
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angles of -10° and +10° with respect to the center of the infarct, an increase from 11% 

measured in the baseline images, demonstrating a significant reorientation process over 

this post-occlusion period (p<10-12, t-test) (Figure 17). 

3.3d Quantitative Comparison of Sub-surface Microvasculature 

To compare outcomes measured with MESI with those measured by two-photon 

microscopy, images were centered on the targeted arteriole and three annular rings of 

interest were overlaid on the infarct and peri-infarct regions (Figure 19A), termed Zone 1, 

(600 µm diameter circle, matching focal spot of occlusion laser), Zone 2 (800 µm diameter, 

with inner diameter of 600 µm), and Zone 3 (1000 µm diameter, with inner diameter of 

800 µm).  These regions were chosen to quantitatively show the perfusion dynamics from 

the healthy vasculature around the peri-infarct regions (Zones 2 and 3) toward the impacted 

infarct region (Zone 1).  Maps of ICT values from MESI were processed to remove surface 

to better isolate contributions from the parenchyma (Figure 7), and were compared with 

sub-surface volume fractions (100 – 300 µm in depth) taken within the corresponding 

regions of interest.  
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Figure 19: (A) Images from Multi-Exposure Speckle Imaging and Two-Photon 

Microscopy illustrating the chosen regions for tiered analysis.  Zone 1 is 

defined as a 600 µm diameter circle in green, matching the focal size of the 

laser used for photo-thrombosis.  Zone 2, shown in blue, is defined as an 

800 µm diameter annular ring.  Zone 3, shown in red, is defined as a 1000 

µm diameter annular ring.  Scale Bar = 500 µm.  (B, C, D) Comparison of 

Multi-Exposure Speckle Imaging inverse correlation time (MESI ICT) 

measurements within parenchyma of the titled region with sub-surface 

(depths of 101-300 µm) two-photon microvasculature volume fractions in 

the same region over 35 days of post-occlusion recovery.  Asterisks denote 

time points where Two-Photon Volume Fractions could not be measured for 

sub-surface vasculature due to the inability to resolve these depths. (M ± 

SD, n=6). 

Results of this analysis (Figures 19B, 19C, 19D) showed that while two-photon 

microscopy volume fractions were not able to be calculated for this first week of post-

stroke imaging, MESI ICT values show a distinct period of microvascular progression for 

this first week.  Though we know through MESI analysis that some residual flow remained 

at the occlusion site immediately after stroke, the leakiness of the damaged surface 
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vasculature inhibited light penetration to the deeper vascular structures, making the sub-

surface vasculature to be unresolvable for Days 3 and 7 post-stroke.  This resulted in a 

methodological volume fraction result of zero for these 2 time points, and was not included 

for comparisons.  By Day 14, when the microvasculature began perfusing into these 

annular rings of interest (Figures 15 and 17), the volume fractions seen within the peri-

infarct regions trended similarly to parenchymal ICT values (Figures 19C and 19D).  We 

did not see the same similarities in measurements taken in Zone 1 (Figure 19B) due to the 

leakage of dye apparent in the images creating difficulty when taking volume fractions 

(Figure 15).  In Zone 1, parenchymal ICT values showed an increase to 97% of baseline at 

Day 21, reaching a maximum of 98% of baseline ICT at Day 35 (Figure 19B).  Volume 

fractions within this same region showed a large increase between Days 7 and 14, reaching 

47% of their baseline by Day 35 (Figure 19B).  Very little progression in the volume 

fractions of the infarct region was evident between Days 14 and 28 (Figure 19B), as the 

majority of regional vasculature remained leaky in nature over this period. Within Zone 2 

(Figure 19C) and Zone 3 (Figure 19D) regions, parenchymal ICT values reached or 

surpassed their baseline measurements by Day 35 of the post-stroke period.  Day 35 volume 

fraction measurements within Zone 2 measured 87% of their baseline values (Figure 19C), 

with an increase to 105% of baseline observed in Zone 3 (Figure 19D). In these regions 

surrounding the occlusion site, where the vasculature was able to recover from its leaky 

post-occlusion phase, the results measured by MESI correlated well to two-photon volume 

fraction outcomes (Figures 19C and 19D).  This correlation was not seen in the leaky Zone 

1 (Figure 19B).  
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The comparison between average parenchymal ICT measurements and sub-surface 

microvascular volume fractions (Figure 19) showed high correlations within Zone 3 

(R2=0.91) and Zone 2 (R2=0.88). It was within these same peri-infarct regions where 

vasculature appeared healthy that accurate volume fractions were able to be measured, 

particularly for Days 14 through 35.  Zone 1 had a much lower correlation (R2=0.36), as 

the leakage of the dye created difficulty in taking accurate volume fractions for this region. 

3.4 DISCUSSION 

The data presented shows that a long-term in vivo ischemic stroke study can be 

monitored through the combination of relatively non-invasive imaging techniques with a 

chronic mouse cranial window model.  Animals underwent changes in their vasculature 

over 35 days of post-occlusion measurements, with the progression captured by MESI and 

two-photon microscopy.  The ability to directly visualize and accurately measure vascular 

outcomes as they adapt to the post-stroke environment helps us in understanding the 

perfusion dynamics with this photo-thrombotic occlusion model.  A limitation of this 

occlusion model is the creation of a quickly developing infarct throughout the illuminated 

region, resulting in a larger ischemic core and smaller penumbra area than would be seen 

with stroke models selectively targeting vessels.  

3.4a Multi-Exposure Speckle Imaging Vascular Outcomes 

MESI outcomes from this small scale photo-thrombotic occlusion show that the 

most at-risk tissue within areas of severe flow deficit saw gains in perfusion past 50% of 

their baseline on an average of 14 days post-stroke.  This suggests that though the available 
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flow still perfusing the peri-infarct area is reduced from baseline, the first priority of the 

brain appears to be return flow to the severe flow deficit region.  For this stroke model, 

MESI allows for quickly distinguishing the progression of the vasculature by illustrating 

the perfusion boundaries separating the healthy and flow deficit regions, as well as marking 

the extent of flow deficit within the damaged regions.  The ICT maps for each animal 

showed the largest areas of moderate and severe flow deficit at Day 3, with the most 

significant perfusion of these regions happening in the immediate 4 days thereafter.  This 

small temporal window may be of critical importance to the overall outcome of the animal, 

and serves as a prime target for future pharmacological stroke studies using a similar small 

scale photo-thrombotic stroke model.   

3.4b Two-Photon Microscopy Vascular Outcomes 

The benefits of a depth-resolved imaging technique such as two-photon microscopy 

are apparent when monitoring the reorientation of the sub-surface vascular structure after 

occlusion (Figures 17 and 18). The damage caused by the stroke appears to elicit the brain 

to modify the vascular architecture in response to the new challenges presented. 

Microvascular reorientation was observed progressing from the healthier outer regions into 

the peri-infarct area, with vessels angled toward the infarct center (Figures 17 and 18).  The 

lack of increased regional volume fractions in these regions of healthy, perfused 

vasculature compared to baseline (Figure 19) suggest that these vessels are not angiogenic 

in nature but rather vasculature with altered orientation that has regained its vessel wall 

integrity, consistent with results from other groups performing longitudinal two-photon 
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studies.107,108  Other studies have noted similar changes in orientation of both vessels as 

well as dendritic spines.109  This suggests the mouse cortex to be highly malleable when 

responding to damage such as stroke, though the driving force in this reorientation process 

is unknown.  One suggested candidate that warrants investigation is the molecular oxygen 

concentrations in these regions, with particular emphasis on the concentration gradient 

along these vessels oriented toward the infarct center.97 The distribution of angular 

orientations of the resolvable vasculature at each time point after Day 7 progresses toward 

a larger peak at 0° (Figure 18). In order to document this reorientation phenomena, future 

studies should include a minimum of 2 imaging sessions (baseline and post-occlusion) with 

an imaging technique that measures vascular structure, such as two-photon microscopy or 

OCT.  Lengthened future studies can continue to track vascular orientation to observe 

whether the reoriented distribution remains or progresses back toward a uniform baseline 

when perfused. 

3.4c Correlation between Outcome Measurements 

The correlation between parenchymal ICT values and measurable volume fractions 

demonstrates that although MESI is a surface integrated technique, it can be used as a tool 

for measuring chronic sub-surface microvascular perfusion.  The correlation shown in 

Zones 2 and 3 suggests that the MESI ICT values within parenchymal regions are partially 

indicative of the volume fractions of the sub-surface microvasculature.  MESI 

measurements are a convolution of two physiological parameters, the amount scattering 

occurring within the vasculature and the flow dynamics.  The choice of volume fractions 
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as a metric for describing the vascular structure over large areas limits measurements to 

only one of the two parameters and only for certain sections of the vasculature which are 

not leaking dye. The combination of how these parameters affect MESI ICT measurements 

warrants future study, though results suggest sub-surface volume fraction as an important 

component.  Measuring sub-surface outcomes with MESI presents several advantages for 

a chronic stroke study, the most significant being the ability to take measurements within 

the first week of stroke progression, a period that exhibited both substantial increases in 

ICT value (Figure 13) and decreases in the size of areas with moderate and severe flow 

deficits (Figure 14).  This important portion of the time line was not able to be captured 

with two-photon microscopy in this study due to the damage inhibiting delivery of the 

fluorescent dye through the occluded and leaky vasculature.  As the vasculature progresses 

toward the infarct center after the occlusion, the possibility exists that MESI ICT 

measurements within what appears as parenchymal regions are being affected by nearby 

surface vasculature, leading to overestimation of the sub-surface flows.  Monte Carlo 

simulations have shown that measurements within parenchymal regions are still highly 

sensitive to lateral surface vessels.101 This could be a secondary reason for the poor 

correlation between MESI ICT and two-photon microscopy volume fraction measurements 

in Zone 1. 

3.4d Relative Benefits of Techniques for Chronic Study 

With experimental periods lasting weeks to months, keeping the imaging and 

anesthesia exposure time as short as possible is of vital importance when considering the 
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impact on the health of the animal and the progression outcomes.  Studies have shown 

neuroprotective properties of isoflurane110,111 that must be accounted for by minimizing 

anesthesia exposure when possible.  A balance must be struck between number of 

experiments, duration of experiments, and duration of the overall study.  Though we have 

the ability to measure the vascular structure of the cortex with high spatial resolution three-

dimensionally using two-photon imaging, this modality greatly extends experimental 

durations, with experimental periods in the presented study averaging 10 minutes for MESI 

sessions and 90 minutes for  two-photon microscopy.  Due to the size of the presented 

photo-thrombotic stroke, it was necessary to take several vascular stacks around the 

occlusion site to capture the vascular architecture throughout the recovering region with 

high spatial resolution. With the ability to use surface-weighted measurements of perfusion 

from MESI to predict sub-surface vascular outcomes, such as vascular perfusion within the 

parenchyma, experimental times can be greatly reduced. 

3.4e Alternate Techniques for Chronic Stroke Progression  

The potential exists for eliminating the need for exogenous contrast agents in the 

presented two-photon microscopy protocol by introducing transgenic mice with 

endothelial cells expressing fluorescent proteins along their vascular walls and tight 

junctions,112 allowing for chronic tracking of vascular structure without exogenous contrast 

agents. While use of transgenic animals would remove imaging problems associated with 

the leakiness of the vasculature after stroke, we would be unable to monitor the blood flow, 

necessitating the development of a metric to differentiate healthy, perfused vasculature 
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from damaged vessels.  Though the structural rebuilding process of the endothelial cells 

lining the vasculature could be directly monitored with a transgenic model, it remains to 

be seen whether accurate volume fractions of perfused vasculature could be measured 

within the damaged infarct region after photo-thrombotic occlusion.  Optical coherence 

tomography offers a potential solution to the problem of measuring both flows and three-

dimensional structure within the cortex.113–116 While MESI measurements do not have the 

sub-micrometer spatial resolution or detailed renderings of sub-surface microvasculature 

from two-photon microscopy, they may provide a tolerable spatial-integration of 

microcirculation for gauging the vascular progression and regional tissue health. 

3.5 SUMMARY 

A long-term stroke study using a photo-thrombotic occlusion was used to evaluate 

an optical imaging protocol for monitoring chronic microvascular perfusion on and below 

the surface of the mouse cortex over experimental time lines extending to five weeks post-

occlusion.  After photo-thrombotic occlusion, regional perfusion boundaries around the 

infarct were identified using Multi-Exposure Speckle Imaging, and the areas containing 

severe flow deficit were shown to be reperfused above 50% of baseline flow within 14 

days following stroke while areas of moderate flow deficit showed a 95% reduction in area 

over a 35 days period.  Blood flow in a 2 x 2 mm field of view centered on the infarct 

measured with MESI was shown to reach baseline values after 3 weeks of post-stroke 

imaging, overshooting baseline measurements in the 4th and 5th weeks.  Vascular 

reorientation within the sub-surface microvasculature was shown with two-photon 
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microscopy to occur over a time period of 1-5 weeks after occlusion, with vessels showing 

a substantial change in their angular orientation by lining up with the most significantly 

damaged area of the stroke.  Chronic two-photon microscopy measurements of volume 

fraction in peri-infarct regions surrounding the occlusion site containing vasculature with 

repaired vessel walls showed high correlation with MESI perfusion values in the same 

regions over the post-stroke period.  With a nominally low experimental duration and wide 

field of view, MESI provides a standalone or complimentary imaging platform for studies 

requiring characterization of ischemic progression. 

  



 62 

Chapter 4: Development of Quantitative Imaging of Functional 

Hyperemia 

A recently developed extension to Laser Speckle Contrast Imaging (LSCI) allowing 

for the establishment of a quantitative cerebral blood flow baseline, termed Multi-Exposure 

Speckle Imaging (MESI), presents a quantitatively accurate technique for measuring 

cerebral blood flow (CBF) dynamics.  In this paper, we initially determine the optimal 

MESI camera exposures for measuring the CBF response to functional forepaw stimulation 

in the mouse.  An optimized subset of 5 exposures was found with the original exposure 

set, doubling the sampling rate of MESI while maintaining a comparable accuracy of <6% 

deviation in flow quantification.  Next, functional CBF maps of the cortex during forepaw 

stimulation were obtained with optimized exposure MESI and traditional single exposure 

LSCI from n=7 activation regions over 5 animals.  We demonstrate the feasibility of 

mapping the functional forepaw response with the optimized subset of 5 exposures, termed 

FA MESI, allowing for measurements of absolute change in CBF from functional 

stimulation.  The spatial extent of the FA MESI functional maps were shown to be more 

regionally confined than the single exposure LSCI maps, but responses exhibited similar 

temporal dynamics and relative CBF magnitudes. 

4.1 INTRODUCTION 

Laser speckle contrast imaging (LSCI) has been shown as a full-field imaging 

technique with sufficiently high temporal resolution to capture cerebral blood flow (CBF) 

dynamics associated with functional activation.45,46,76,77,117 Recent advances in LSCI led to 

the development of an extension termed Multi-Exposure Speckle Imaging (MESI) which 
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uses an improved mathematical model and instrumentation to better separate the non-flow 

related contributions to the speckle contrast.59,79,81  The use of multiple exposures also 

enables a wider flow range sensitivity, providing improved characterization of blood flow 

changes.  These factors enable laser speckle flowmetry to move from primarily acute 

experiments to longer-term chronic studies principally by providing a reliable CBF 

baseline.  The tradeoff for increasing quantitative accuracy when moving from a traditional 

single exposure (i.e. 5 ms duration) LSCI technique, primarily selected for optical imaging 

of functional hyperemia, to MESI comes in the form of reduced temporal resolution. 

In order to capture functional responses with MESI, a balance must be struck 

between establishing sufficient temporal resolution while retaining high sensitivity over 

the range of flow distributions seen in the functionally responding regions. Successfully 

accomplishing this balance will create an optical technique capable of chronically tracking 

the region and amplitude of the blood flow response to forepaw stimulation.  This technique 

presents a potential platform for measuring the effects of any neurovascular perturbations, 

such as disease or damage models, as well as the progression of the functional blood flow 

response associated with these changes.  Long-term tracking of functional progression 

currently relies on a myriad of techniques, including functional magnetic resonance 

imaging,118–123 behavioral tests,124–131 micro-stimulation and histological analyses,2,132,133 

and imaging of intrinsic optical signals.134  Measuring functional responses with MESI 

offers the ability to monitor the blood flow dynamics of activated regions with high spatial 

resolution while establishing an absolute baseline for chronic monitoring.  
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This study focuses on the optimization of the camera exposures used in MESI to 

accurately capture the functional cerebral blood flow response to stimulation of the mouse 

forepaw.  Previous studies have been performed for optimization of LSCI exposures, 

including MESI exposures over a large range of in-vivo baseline and post-stroke flow 

distributions135 and single camera exposures for resting and functional flow dynamics.136  

The optimization process in this study will utilize a training set of animals to identify which 

exposures best sample the flow distributions observed within regions of the cortex 

responding to forepaw stimulation, potentially resulting in increases to the temporal 

resolution of MESI while maintaining high quantitative accuracy. 

4.2 METHODS 

This study utilized both single exposure Laser Speckle Contrast Imaging and Multi-

Exposure Speckle Imaging, which are discussed in more detail in Chapter 2 of this 

dissertation, to develop and compare against Functional Activation Multi-Exposure 

Speckle Imaging. This study also used the same chronic animal mouse model from Chapter 

3, with the surgical preparation and cranial window upkeep documented in Appendices 1 

and 2. 

4.2a Experimental Protocol for Training Set 

A training set of 5 animals with healthy cranial windows after the recovery period 

of 3-4 weeks were anesthetized with 70% N2/O2 vaporized isoflurane via nose-cone and 

affixed to a stereotaxic frame.  Vitals were recorded via pulse oximetry and temperature 

was maintained by feedback heating.  Multi-Exposure Speckle Imaging was performed 
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over a 2.7 × 2.0 mm field of view centered on the region of interest by collecting 300 

frames at each exposure.  This provided ICT maps of the imaged region, giving a global 

perfusion index of the area. This imaging technique was done at three time points over a 

period of two weeks for each animal to ensure a stable baseline. In attempts to control for 

physiologic variability in the cardiac output within each animal, heart rate for each 

experiment was adjusted to be within 10% of the animal’s baseline heart rate by small 

changes in the animal’s depth of anesthesia. 

After establishing a repeatable baseline with MESI, functional forepaw stimulation 

measurements were taken using single exposure LSCI with a sampling rate of 50 Hz.  An 

exposure duration of 5 ms was used for single exposure imaging, as it has been shown to 

optimally capture functional responses in previous studies.76 Isoflurane anesthesia was 

lowered to 1.0 – 1.5% for functional measurements. A piezoelectric stimulator was placed 

under the forepaw contralateral to the cranial window being imaged (Figure 21). The 35 

second stimulation paradigm (Figure 21) consisted of 5 seconds of baseline, 5 seconds of 

100 Hz piezoelectric stimulation, and 10 seconds of post-stimulation measurements 

followed by a 15 second break preceding the start of the next stimulation block.  This 

paradigm was repeated for 25 stimulation blocks.  Relative CBF maps of the responding 

areas were created by dividing inverse correlation time images averaged within the 

stimulation window (seconds 5 - 10) by images averaged within the baseline window 

(seconds 0 – 5) shown in the time course of Figure 21.  
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Figure 21:  Representation of placement of mouse craniotomy and piezo-electric 

stimulator under contralateral paw (top).  Stimulation paradigm (bottom) 

denoting 5 seconds of baseline recording followed by 5 seconds of piezo-

electric stimulation at 100Hz with 35 seconds between stimuli. 

The functional maps from the single exposure LSCI experiments were co-registered 

with the flow maps from MESI (Figure 22) in order to extract the flow distributions that 

fell within the functionally responding areas of the cortex.  Each animal underwent two 

functional mapping sessions, and the flow distributions within the responding areas were 

used to create a training set of data (9 functionally responding experiments over 5 animals) 

for the optimization algorithm.  As the flow distributions were all measured under baseline 

conditions with MESI, the maximum range for this training data set was extended by 15% 

to account for increases in the flow from functional stimulation. 
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Figure 22:  Map of relative change in ICT (left) from single exposure speckle imaging, 

averaged over 25 stimulation blocks. Multi-Exposure Speckle Imaging 

inverse correlation time image (MESI ICT) with functionally responding 

region denoted (right). Scale bar = 500 µm. 

4.2b Optimization of Exposures 

A Leave-One-Out process described previously135 was used on the training data set 

to find the optimal set of exposures for performing Multi-Exposure Speckle Imaging of 

functional forepaw response.  The algorithm found the minimum combination of exposures 

necessary to provide comparable accuracy to ICT flow estimates from the traditional 15-

exposure MESI. The Leave-One-Out process ran sequential iterations in which a single 

exposure was removed for each subset and MESI ICT flow estimates were re-calculated 

from the remaining exposure durations and compared to the original ICT estimates, 

resulting in subsets with 1 fewer exposure for each iteration.  The subset of exposures with 

the lowest percent deviation from the full exposure set was chosen for the next iteration of 

the algorithm.  This new subset of exposures was then recalculated by sequentially leaving 
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1 exposure out, with accuracy again being compared against results from the original 15 

exposure set.  Iterations continued until the average percent deviation between the ICT 

values of the subset of exposures and full set of 15 exposures reached a pre-established 

deviation of 10%, which is comparable to the reported accuracy of MESI and the tolerable 

animal heart rate variation.79,81  The other criteria for ending the algorithm was reaching 

the theoretical minimum combination of 5 exposures, as 5 variables are required for solving 

the MESI speckle visibility equation for full determination. 

4.2c Experimental Protocol for Testing Set 

Testing set animals (n=5) underwent the same anesthesia and vital monitoring as 

those in the training set described previously.  Traditional MESI was performed to provide 

baseline ICT maps of the cranial window, followed by the optimized 5-exposure functional 

activation MESI (FA MESI) interleaved with single exposure LSCI (5 ms exposure 

duration).  The same stimulation paradigm (Figure 2A) was repeated five times for FA 

MESI measurements at a sampling rate of 5.2 Hz, and then single exposure LSCI for five 

stimulations at a 50 Hz sampling rate.  This process was repeated until 25 stimulation 

blocks were gathered for each imaging technique. Maps of the functional responding areas 

for single exposure LSCI were calculated in the same way as the training set, while maps 

for FA MESI used a more determined estimate of ICT value.  Each animal underwent two 

functional mapping sessions, with the functionally responding experiments (7 over 5 

animals) used for the testing subset of data. 
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All experiments were approved by the Institutional Animal Care and Use 

Committee (IACUC) at The University of Texas at Austin under guidelines and regulations 

consistent with the Guide for the Care and Use of Laboratory Animals, the Public Health 

Service Policy on Humane Care and Use of Laboratory Animals (PHS Policy) and the 

Animal Welfare Act and Animal Welfare Regulations. 

4.3 RESULTS 

4.3a Exposure Optimization Output 

From the Leave-One-Out process on the training data set, we were able to reduce 

the number of exposures from 15 to 5 while remaining within the pre-established 

uncertainty level of 10% (Table 1). Each iteration of the algorithm is shown in Table 1, 

documenting which exposure was removed at each step and the resulting accuracy of the 

reduced exposure set on the training dataset compared to the original 15 exposure set.  The 

remaining exposures were 0.05, 0.5, 1, 5 and 80 ms.  The reduction in number of exposures 

allows for an increase in the sampling rate of the system from 2.48 Hz for 15 exposures to 

5.2 Hz for 5 exposures (Table 1).  This sampling rate takes into account the data acquisition 

delay time of the system (68 ms) and the frame readout time of the camera used in this 

study  (7.5 ms per exposure).  In addition to removing some of the longer exposures, the 

ability to cut frame readout times for 10 of the exposures resulted in a doubling of the 

sampling rate for FA MESI.  
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Table 1: Leave-One-Out Analysis for Best Exposure Subsets 

 

As the 5.1% deviation at 5 exposures was still well under the 10% cut-off, the 

algorithm was ended on the criteria that a minimum of 5 exposures are necessary to solve 

the MESI speckle visibility equation for full determination.  The remaining exposures to 

map the dependence of the speckle contrast on the exposure duration for FA MESI included 

both the longest and shortest exposures of the original 15 exposures (0.05 and 80 ms), in 

addition to three exposures sampling a single decade in the middle of the original set (0.5, 

1, and 5 ms).  With the reduction in exposures, the computational times necessary for 

performing the nonlinear least squares fitting process to solve the MESI equations were 

reduced on the order of 25%. 

4.3b Functional Response with Optimized Exposure 

With the optimized set of 5 exposures for FA MESI, the testing set animals underwent 

functional forepaw stimulation experiments described in the experimental protocol, with 7 



 71 

responding experiments over 5 animals.  Results showed that FA MESI, at a sampling rate 

of 5.2 Hz, was capable of measuring the functional blood flow response to piezo-electric 

forepaw stimulation (Figure 23).  

 

Figure 23:  Multi-Exposure Speckle Imaging inverse correlation time images (MESI 

ICT) of vasculature (left). Yellow arrow denoting responding arteriole 

branch.  Relative forepaw response maps for FA MESI (middle) and single 

exposure LSCI (right). Scale bar = 500 µm. 

Responding areas of the vasculature were smaller spatially with FA MESI than with 

single exposure LSCI (Figure 23), though the time courses of their relative changes were 

very similar over the denoted responding regions (Figure 24).  The temporal dynamics and 

magnitudes of the relative ICT changes to the forepaw stimulation were very similar with 

these interleaved functional experiments, with single exposure LSCI showing a slightly 

higher peak response (Figure 24).  One period where the FA MESI and single exposure 

time courses did not match was during the period of flow decline following the end of the 

5 second stimulus.  While single exposure LSCI showed a decrease in flow below baseline 

following the stimulus, FA MESI did not measure this dip in flow. 
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Figure 24:  Plot of time courses for functional activation responses from FA MESI and 

single exposure LSCI in Figure 23 denoting the average relative change 

compared to baseline over the 20 second imaging interval. 

The optimized 5-exposure FA MESI could also be split into individual exposures 

for independent mapping to display the sensitivity of each exposure to the flow 

distributions making up the functional response.  Each of these individual exposures were 

sampled at the FA MESI rate of 5.2 Hz (Figure 25).   
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Figure 25: (A) Multi-Exposure Speckle Imaging inverse correlation time image (MESI 

ICT) of vasculature (left). Relative change of ICT values measured with FA 

MESI during functional forepaw stimulation (right). Yellow arrow denoting 

responding arteriole branch.  Scale bar = 500 µm.  (B) Maps of relative 

change during functional forepaw stimulation of each individual exposure 

contributing to FA MESI. Scale bar = 500 µm.    

The 5 ms exposure showed the largest peak response in relative response reaching 

almost 2% higher than all other individual exposures (Figure 26), as well as the largest 

spatial response for this animal (Figure 25).  The temporal dynamics of the response were 

similar in all exposures except for the 0.05 ms exposure, which measured a slow increase 

in relative change at the stimulus onset followed by a slow decrease when the stimulus 

stopped (Figure 25).   
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Figure 26: Plot of relative time courses of Figure 25 for blood flow responses from FA 

MESI and each individual exposure that contributes to FA MESI. 

Overall the FA MESI response again had a smaller spatial extent, a trend which 

continued for all measured responses, with similar temporal dynamics to the longer 4 single 

exposure responses (Figure 26).  The FA MESI time course differed following the stimulus 

offset, where the FA MESI peak extends around half a second longer than the individual 

exposures, excluding 0.05 ms, and again doesn’t register a dip below baseline as is seen in 

the longer 4 single exposures (Figure 26).  The spatial extent of the responses measured for 

the 0.5, 1, and 5 ms exposures were very similar in this animal, with 5 ms displaying a 

higher magnitude response (Figure 25).  The 0.05 ms spatial response was not confined to 

the FA area, showing a global increase of ~1% throughout the craniotomy, while the 80 

ms response localized slightly downstream of the responding arteriole compared to the 

previous exposures (Figure 25). Two-dimensional Gaussians were fit to responding areas 
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for all animals in order to compare the spatial extent of each exposure’s response with that 

of the FA MESI response.76  Figure 27 illustrates that over all functional responding 

animals, the means of the responding areas of the single exposures (excluding 0.05 ms) 

were larger than the mean of the FA MESI response, with significant differences between 

each of the single exposure areas and the FA MESI area (p<0.01, t-test). 

 

Figure 27: Plot of mean functional response areas for individual exposures (excluding 

0.05 ms) and FA MESI over all functional responses. Asterisk denoting 

significant difference for FA MESI from each of the single exposures 

(p<0.01, t-test) (n=7, Mean ± SD). 

4.4 DISCUSSION 

The data presented shows that absolute measurements of the functional blood flow 

response to forepaw stimulation are able to be captured with FA MESI.  The differences in 

dynamics to those measured with single exposure LSCI are explored in more detail below, 
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as well as the implications for using a more complicated quantitative measurement of 

functional response. 

4.4a Evaluation of Optimization In Vivo 

The optimization of MESI exposures for functional forepaw responses allows for a 

higher sampling rate to be achieved with only a small reduction in the quantitative accuracy 

falling well within the pre-determined threshold. By imaging the testing set animals with 

this optimized FA MESI technique, the results displayed the feasibility of mapping the 

functional forepaw response to a 5 second piezo-electric stimulation with a sampling rate 

of 5.2Hz.  The FA MESI results were compared to interleaved single exposure LSCI results 

imaged at a higher sampling rate. The time courses of the relative responses showed very 

similar changes in rate of flow increase during the onset of the stimulus within the 

functionally responding regions (Figures 24 and 26).  As this portion of the time course 

measures of the highest rate of change, this suggests the 5.2 Hz sampling rate of the FA 

MESI to be temporally sufficient to capture the full functional forepaw response.  

Following the stimulus offset, FA MESI shows a slight temporal lag behind the 5 ms single 

exposure LSCI (Figures 24 and 26). This slight delay in the return to baseline with FA 

MESI might result from contributions of the remaining exposures, such as 0.05 ms, which 

have slightly different shapes in their return to baseline, particularly the slow fall in the 

relative change of the 0.05 ms exposure (Figure 26).  As the 0.05 ms exposure is sampling 

only the fastest flows observed in the largest surface vessels, in particular the surface vein 

and arteriole seen in the measured ROI for the animal presented in Figure 25, the functional 
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response of these comparatively large vessels are not expected to show the same temporal 

dynamics as the surrounding vessels within the parenchyma. 

The spatial extent of the FA MESI response displays a significant difference 

compared to the single exposure responses (Figure 27).  This effect is mainly attributed to 

each single exposure measuring slightly different regional responses from different 

vascular flow distributions.  In each FA MESI functional map, the area is much more 

regionally confined around the activated surface arteriole, denoted with a yellow arrow in 

the ICT map of Figure 4A, than seen with single exposures (Figure 25).  The arteriole 

within the denoted function region of Figure 25 is sampled by every exposure in the 

optimized FA MESI technique, weighting it more than the surrounding parenchyma and 

smaller vessels, which are only sampled by the longer exposures.  Though the spatial extent 

of the FA MESI response is smaller, the center of the response is very similar to the center 

of each single exposure.  The particular arteriole branch from which the response is 

originating is much easier to recognize with FA MESI than with single exposure LSCI, 

with Figure 23 serving as a prime example.  In this figure, the denoted arteriole near the 

top of the MESI ICT image is the vessel responding to functional stimulation, and has left 

and right arteriole branches.  While the FA MESI localized the main response to the left 

branch, the single exposure response displays that both branches are responding about 

equally.  This suggests FA MESI as a technique capable of localizing the surface 

vasculature supplying the functional region being stimulated, as each animal’s functional 

blood flow response was more spatially confined with FA MESI than single exposure LSCI 

(Figure 27).  This localization by FA MESI would be optimal for future studies looking to 
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perturb the blood flow of the functional forepaw area, such as with a targeted photo-

thrombotic stroke.118,134 

4.4b Implications of Chronic Functional Activation Imaging 

With FA MESI, absolute measurements of functional response are able to be 

observed, allowing for comparison of responses both within a single animal over different 

time points and also between animals.  This could not be fairly compared with single 

exposure LSCI due to the relative nature of its measurements.  Current studies are being 

undertaken utilizing this optimized FA MESI technique observing functional forepaw 

responses pre- and post- occlusion.  Preliminary results show that following the occlusion, 

Day 2 post-stroke functional measurements within the original pre-stroke functionally 

responding area show a similar relative ICT change (~5%) when stimulated, but the 

absolute change in ICT is <50% of the pre-stroke functional blood flow response due to 

the post-stroke area having a much lower starting baseline ICT. This suggests the 

possibility that large deviations between relative and absolute functional blood flow 

responses can be measured for studies perturbing the vasculature, providing inaccurate 

results of functional outcomes.  The ability to compare different time points is of particular 

interest when measuring the functionally responding areas of the brain in conjunction with 

neurovascular recovery, allowing for chronic studies which could incorporate processes to 

modulate or probe recovery such as rehabilitation and pharmacological agents.  The 

advantages of this technique allow for documentation in the progression of both the 

absolute temporal and spatial dynamics of the functional response over long experimental 
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durations of weeks to months, while still presenting an experimental duration on the same 

time scale as seen in single exposure LSCI or imaging of optical intrinsic signals. 

For acute studies of functional activation within the mouse cortex, the benefits 

provided by FA MESI over single exposure LSCI may not outweigh the additional 

complexity introduced to both the imaging system and required computation.  Though the 

spatial extent of the FA MESI response differed from the 5 ms exposure response, the 

center of these areas seemed to be similar.  While absolute changes in flow cannot be taken 

from single exposure LSCI, the data presented showed that the magnitude and temporal 

dynamics of the responding areas were very comparable between the two techniques.  In 

some cases, the increased signal-to-noise ratio from the 5 ms exposure LSCI technique 

sampling at 50 Hz or more may offer a larger benefit to experiments looking at very small 

changes in flow than benefits provided by FA MESI. 

The optimization process of MESI for functional forepaw mapping shows that users 

can minimize one of the main drawbacks of MESI, the decreased sampling rate, by 

optimizing the subset of exposures for the flows they are interested in.  By cutting out some 

of the redundancy in exposures sampling either similar subsets of flow distributions or flow 

velocities in which the user is not interested for their particular experiment, an increase in 

sampling rate and decrease in computational complexity can be achieved with FA MESI. 

The optimized exposure set presented in this paper was specifically for studying mouse 

functional forepaw response to the stimulation paradigm described. 
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4.5 SUMMARY  

By optimizing a set of 5 exposures from MESI for functional forepaw activation 

measurements, sampling rates were more than doubled from 2.48 Hz to 5.2 Hz with an 

approximate deviation of 5.1 ± 4.2 % from the full 15 exposure set.  The ability to map the 

functional response to forepaw stimulation within the mouse cortex using this optimized 

exposure set was presented, allowing for absolute responses to be measured with FA MESI 

where previously only relative responses could be taken using single exposure LSCI.  The 

area of the response seen by FA MESI was significantly smaller than seen in single 

exposure LSCI responses, though the temporal dynamics and magnitude of the relative 

changes were very similar to exposures previously used for functional mapping with LSCI.  

With the ability to measure absolute functional responses, the presented FA MESI 

technique can be used in acute studies sampling large changes in resting and activated state 

cerebral blood flows and in chronic studies to track temporal and spatial changes in the 

functionally responding regions over the course of weeks to months. 
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Chapter 5: Progression of Functional Blood Flow Dynamics after 

Stroke 

Monitoring the progression of the regional cerebral blood flow (CBF) and 

functional blood flow dynamics after brain injury is vital to understanding the 

neurovascular recovery process.  An extension of Multi-Exposure Speckle Imaging 

(MESI), termed Functional Activation MESI (FA MESI), presents a quantitatively accurate 

technique for measuring CBF dynamics during functional activation of the mouse cortex.  

In this paper, we present hemodynamic outcomes extending 21 days after photo-thrombotic 

occlusion, tracking the progression of the CBF and the temporal dynamics of the functional 

forepaw response throughout this period for 5 animals. Following the occlusion, MESI 

shows increases in baseline CBF perfusion starting at Day 2 post-stroke and reaching near 

pre-stroke values by Day 21.  Absolute changes in the functional blood flow response were 

measured with FA MESI over the same time period, with functional outcomes differing 

from those of the regional CBF perfusion.  The magnitude of the functional blood flow 

response to forepaw stimulation was observed to have further decreased between Days 2 

to 7 post-occlusion, followed by an increase between Days 7 and 21 where the blood flow 

response to stimulation reached just over half of the pre-stroke magnitude.  With the 

combination of a chronic mouse model and relatively non-invasive optical imaging 

techniques, we present an imaging protocol for long-term monitoring of the baseline CBF 

and functional flow dynamics of the forepaw response after photo-thrombotic occlusion. 
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5.1 INTRODUCTION 

Laser speckle contrast imaging (LSCI) has been shown as a full-field imaging 

technique capable of capturing the cerebral blood flow (CBF) dynamics associated with 

functional activation.45,46,76,77,117 Advances in LSCI have resulted in the development of an 

extension termed Multi-Exposure Speckle Imaging (MESI), which uses an improved 

mathematical model and instrumentation to better separate the non-flow related 

contributions to the speckle contrast measurements.59,79,81  By using multiple camera 

exposures, MESI is able to more precisely sample and map the wide range of flow 

distributions prevalent in the rodent vasculature.79 Previous studies have shown MESI to 

accurately estimate a wide range of flows in vivo, including complete flow reduction during 

middle cerebral artery occlusions.81 This technique has also shown the ability to determine 

spatially integrated perfusion measurements from unresolvable microvasculature within 

the parenchyma,101 and to highlight perfusion boundaries for post-occlusion studies to 

determine the extent of the damage and chronically track the CBF progression.79 

Traditional techniques for chronic tracking of functional responses include 

functional magnetic resonance imaging,118–123 behavioral tests,124–131 micro-stimulation 

and histological analyses,2,132,133 and imaging of intrinsic optical signals.134  A newly 

optimized FA MESI technique was recently developed, utilizing a subset of exposures 

taken from 15-exposure MESI that were specifically designed to sample the flow 

distributions found within regions of the cortex responding to functional forepaw 

stimulation.  Chapter 4 establishes that the technique is able to measure an absolute baseline 

for the CBF, allowing for comparison of results over chronic measurements within and 
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between animals.  The technique is capable of monitoring the blood flow dynamics of the 

functional response to forepaw stimulation, resulting in the functional health of the regional 

response being chronically tracked.  This technique can be used to measure the long-term 

effects of any neurovascular perturbations, such as ischemic stroke, on the functional health 

of the mouse cortex.  While post-occlusion microvascular blood flow has been shown to 

be a significant indicator of overall tissue outcome,92,93 the functional health of the 

occluded region is an important factor in the neurovascular progression that must also be 

monitored.  A short period of post-stroke neuroplasticity occurring within the region of 

tissue surrounding the occlusion known as the penumbra has been shown as the beginning 

of the vascular recovery process.94,95,137  Previous studies using MESI have identified a 

period of around 1 week following the occlusion as a significant recovery period, with the 

CBF reaching baseline measurements on the order of 3 weeks post-occlusion for the small-

scale photo-thrombotic occlusion model utilized in this paper.79  This study presents a 

protocol using 15-exposure MESI and 5-exposure FA MESI as noninvasive, quantitatively 

accurate imaging techniques capable of chronically tracking the progression of the post-

occlusion cerebral blood flow and functional blood flow dynamics of the forepaw response. 

5.2 METHODS 

This study utilized 15-exposure Multi-Exposure Speckle Imaging (Figure 20) for 

baseline measurement of the resting-state baseline CBF, as well as Functional Activation 

Multi-Exposure Speckle Imaging (Figure 28) to chronically compare forepaw stimulation 

blood flow responses from the mouse cortex. The same surgical preparation and post-
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surgical upkeep of the chronic mouse model from Chapters 3 and 4 was used, with photo-

thrombotic strokes delivered in the functionally responding area of the mouse to induce 

flow changes. 

 

Figure 28: Exposure durations used for Functional Activation MESI. Scale bar = 1 mm. 

Animals (n=5) with clear and healthy cranial windows after the recovery period of 

3-4 weeks were anesthetized with 70% N2/O2 vaporized isoflurane via nose-cone and 

affixed to a stereotaxic frame.  Vitals were recorded via pulse oximetry and temperature 

was maintained by feedback heating.  Multi-Exposure Speckle Imaging was performed 

over a 2.7 × 2.0 mm field of view centered on the region of interest by collecting 300 

frames at each exposure.  This imaging technique provided ICT maps of the imaged region, 

giving a global perfusion index of the area, and was repeated 3 times for each animal to 

ensure a stable baseline. Heart rate for each experiment was adjusted to be within 10% of 

the animal’s baseline heart rate by small changes in the animal’s depth of anesthesia in 

attempts to control for physiologic variability in the cardiac output within each animal. 

After establishing a repeatable baseline with MESI, functional forepaw stimulation 

measurements were taken using 5-exposure FA MESI.  Isoflurane anesthesia was delivered 



 85 

at 1.0 – 1.5% for functional measurements. A piezoelectric stimulator placed under the 

forepaw contralateral to the cranial window being imaged (Figure 21). A 35 second 

stimulation paradigm (Figure 21) was utilized, consisting of 5 seconds of baseline, 5 

seconds of 100 Hz piezoelectric stimulation, and 10 seconds of post-stimulation 

measurements followed by a 15 second break preceding the next stimulation block.  This 

paradigm was repeated for 25 stimulation blocks in attempts to average out any 

physiological variables not associated with the stimulation.  Relative CBF maps of the 

responding areas (Figure 29) were created by dividing inverse correlation time images 

averaged within the response window (Figure 21, 5 – 10 s) by images averaged within the 

baseline window (Figure 21, 0 – 5 s). 

 

Figure 29: Map of relative change in ICT (left) from Functional Activation Multi-

Exposure Speckle Imaging, averaged over 25 stimulation blocks. Multi-

Exposure Speckle Imaging inverse correlation time (MESI ICT) image with 

functionally responding region denoted (middle). Scale bar = 500 µm. Time 

course (right) of Δ ICT for denoted responding region. 

After a pre-stroke functional map was established with FA MESI, a photo-

thrombotic stroke was delivered, targeting a descending arteriole within the functionally 

responding region.  Post occlusion imaging sessions included both 15-exposure MESI for 

baseline CBF monitoring as well as FA MESI for functional monitoring.  These sessions 
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were taken four times within the first week of post-stroke experiments at time points of 0, 

2, 4 and 7 days post-occlusion.  Following the first week, the animals underwent two more 

imaging sessions at Days 14 and 21 of their respective post-stroke time points.   

A pre-stroke baseline ICT value was established for each animal by taking the mean 

of ICT measurements within their functionally responding region.  This value was used to 

create a color map by which perfusion boundaries of the damaged regions of the cortex 

could be identified post-occlusion.  Measurements of absolute CBF change were taken 

within the area of the craniotomy corresponding to original pre-stroke functionally 

responding region for all time points to compare the changes in temporal dynamics and 

magnitude of response within this region over time.  All experiments were approved by the 

Institutional Animal Care and Use Committee (IACUC) at The University of Texas at 

Austin under guidelines and regulations consistent with the Guide for the Care and Use of 

Laboratory Animals, the Public Health Service Policy on Humane Care and Use of 

Laboratory Animals (PHS Policy) and the Animal Welfare Act and Animal Welfare 

Regulations. 

5.3 RESULTS 

5.3a Post-Occlusion Dynamics of Functional Forepaw Response 

Measurements of the functional forepaw response to the previously described 

stimulation paradigm were taken for pre- and post-occlusion time points. Figure 3 displays 

results from one of the animals in the study.  The pre-stroke functional map of the animal 

showed the responding region to be localized to the bottom of the field of view (Figure 
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30A).  This area was then targeted for photo-thrombotic occlusion to disrupt blood flow 

and observe subsequent changes in functional blood flow response.  Measurements of the 

baseline ICT with MESI display progression outcomes of the CBF extending to 21 days 

post-occlusion (Figure 3B).  Maps of the ICT values for this animal show a Day 2 post-

stroke reduction in flow within the original FA region to 55% of the pre-stroke baseline, 

with increases in the ICT values for the following time points.  At Day 21 post-stroke, ICT 

measurements recovered to a mean of 80% of the pre-stroke values.  
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Figure 30: (A) Multi-Exposure Speckle Imaging inverse correlation time (MESI ICT) 

image before occlusion (top) with targeted area denoted. Map of the 

functional response (bottom) to forepaw stimulation for pre-stroke 

measurements. Scale bar = 500 µm. (B) Multi-Exposure Speckle Imaging 

inverse correlation time images of the baseline CBF values at each time 

point in the experiment with boxes denoting the FA Region where time 

courses for (C) were taken. Color map scaled to the mean pre-stroke ICT 

value of the FA region. Scale bar = 500 µm.  (C) Plot of time courses of the 

changes in ICT value (ICT(x) – ICT(baseline)) for each time point with 5 

second stimulus denoted. 

Time courses of the functional responses were taken in the regions denoted in 

Figure 30B corresponding to the original pre-stroke FA region (Figure 30C).  These time 

courses display the absolute change in the CBF response by establishing a quantitative 

baseline for each time point.  Results from this animal show the original pre-stroke 
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response to have a ΔICT over 350 for seconds 7 to 11 of the response, which corresponds 

to a 5% increase in flow from baseline for the stimulated time period (Figure 30C).  

Following the occlusion the ΔICT of the response fell to a peak magnitude of around 200 

for Day 2 post-stroke measurements, or just over half of the pre-stroke peak ΔICT 

magnitude (Figure 30C).  When comparing relative responses, this Day 2 value was very 

similar to the pre-stroke value at a 5% increase in flow, though MESI shows us that the 

overall resting state baseline CBF was only about half of the pre-stroke baseline (Figure 

30B).  Measurements of ΔICT for the rest of the time points showed a decrease in 

magnitude from Day 2 to Day 7 post-stroke, followed by a small increase from Day 14 to 

Day 21 (Figure 30C).  Though Figure 30B shows the CBF of the denoted region is 

undergoing increases in ICT to near pre-stroke values, the functional responses do not 

follow this same trend.   

Another observation from the post-occlusion functional blood flow responses is the 

reduced temporal length of the response when compared to the pre-stroke response (Figure 

30C).  In order to compare the temporal length of functional responses for all animals (n=5) 

across all time points, the temporal extent of the full width half maximum (FWHM) was 

used.  The mean ΔICT value of the FWHM was also utilized to describe the magnitudes of 

response changes.  Figure 31 displays results comparing the relative magnitude of ΔICT 

change of functional response, relative temporal length of the functional response, and 

relative health of the baseline ICT measurements at each time point averaged over the FA 

region for all animals compared to the pre-stroke measurements (Figure 31). 
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Figure 31: Plot of the relative magnitude of ΔICT change of functional response, 

relative temporal length of the functional response, and relative mean 

baseline ICT measurements over the FA region for all animals (mean ± SD) 

(n=5).  

While the mean baseline ICT of the FA region, describing the regional CBF health, 

begins increasing after Day 2 post-stroke and reaches 93% of the pre-stroke measurement 

by Day 21, the functional progression of ΔICT does not follow the same trend.  Instead, 

the mean ΔICT of all animals shows a large reduction in magnitude immediately after 

occlusion, followed by further reductions from Day 2 to Day 7 post-stroke, before a relative 

increase to 55% of the pre-stroke magnitude by Day 21 (Figure 31).  The overall temporal 

length of the FWHM of the animal’s responses, which exhibited a mean of 5.15 seconds 

for pre-stroke measurements, dropped to 2.85 seconds, or a relative value of 55%, for Day 

2 post-occlusion measurements (Figure 31).  The temporal length measurements show 
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small increases for each subsequent time point, reaching a value of 3.8 seconds at Day 21, 

corresponding to 74% of the pre-stroke measurement (Figure 31). 

5.3b Performance of Imaging Technique 

Measurements of ICT were taken within the FA region under baseline conditions 

with both 15-exposure MESI and 5-exposure FA MESI.  These baseline values of pre- and 

post-stroke measurements were compared between techniques to determine the accuracy 

of FA MESI, using 15-exposure MESI as a reference, as it has been shown previously to 

accurately determine all flow ranges seen in this occlusion model.79  Each experiment 

contributed one data point to Figure 32 for a total of 30 data points over 5 animals.  Baseline 

FA MESI ICT values were taken by averaging the first 5 seconds of all stimulation blocks 

together. 
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Figure 32: Plot comparing the measured baseline ICT values of 5-Exposure FA MESI 

and 15-Exposure MESI over all animals (n=5) for all time points (30 total 

data points). Orange slope (0.95) denoting the regional trend line of the 

orange data points.  Blue slope (0.78) denoting the trend line for all data 

points. 

Results of the comparison shows that the trend line slope for all data points is 0.78, 

with a slope of 1 denoting matching values between techniques (Figure 32). Figure 32 

shows that FA MESI was not accurate in estimating very low CBF flows in three of the 

post-occlusion data points originating from an animal who developed a much larger 

occlusion than the remaining 4 animals.  In each of these three cases, FA MESI 

overestimated the ICT value of the FA region of the animal.  By excluding these outlying 

points and observing the regional trend line of the remaining 27 points, a slope of 0.95 was 

measured.  This regional trend line denoted a more accurate range of flow distributions 

measured with FA MESI. 
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5.3c Individual Exposure Contributions to Functional Response 

In addition to overall FA MESI response, relative time courses from each of the 5 

single exposures contributing to the FA MESI signal were plotted for pre-stroke and Day 

7 post-stroke measurements (Figure 33), as this time point averaged the lowest ΔICT 

magnitude over all animals (Figure 31).  Shifts in the flow distributions present in the post-

occlusion FA region, which had a mean regional ICT value of 67% of the pre-stroke ICT 

in this animal, resulted in changes to the relative responses of each individual exposure 

(Figure 33A). 
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Figure 33: (A) Multi-Exposure Speckle Imaging inverse correlation time (MESI ICT) 

images of the baseline CBF values at pre-stroke (top) and Day 7 (bottom) 

time points. Color map scaled to the mean pre-stroke ICT value of the 

denoted FA region. Scale bar = 500 µm.  (B) Plot of relative time courses 

from each individual exposure contributing to FA MESI response within 

regions denoted in (A) for pre-stroke and Day 7 post-stroke time points with 

stimulus denoted. 

While the pre-stroke experimental results showed a similar response for the single 

exposures from 0.5 - 80 ms, the Day 7 post-stroke measurements had higher variability 

between these exposures (Figure 33B).  The highest relative response from this exposure 

set for the pre-stroke vasculature was 5 ms, which has been shown as an optimal exposure 

for capturing functional responses using LSCI in previous rodent studies,76 though each of 

the remaining exposures longer than 0.05 ms showed prominent relative responses (Figure 
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33B). Seven days after the occlusion, when flows were lower regionally, the highest 

relative response occurred in the 80 ms exposure for this animal, with much lower relative 

responses in the remaining exposures (Figure 33B). 

Temporal differences in the relative responses were also observed for post-

occlusion measurements, particularly within the 80 ms response, which rose to a peak for 

approximately 2 seconds but declined while the piezo-electric transducer was still actively 

stimulating (Figure 33B).  The onset time for the Day 7 FA MESI measurement starting at 

~6 seconds into the paradigm was also slightly later than the pre-stroke onset at ~5.5 

seconds, though both FA MESI responses displayed comparable times to peak response 

(Figure 33B). 

5.3d Comparing Absolute and Relative Responses 

The progression of relative responses were compared with absolute functional 

blood flow responses over the same time period by dividing the ΔICT by the Baseline ICT 

for each individual experiment and averaging over all animals.  Figure 34 displays the 

results of this comparison, with the largest deviation between the absolute and relative 

measurements occurring on the first post-stroke measurement at Day 2.  The absolute 

functional blood flow response of the Day 2 post-stroke measurement only averaged 31% 

of the pre-stroke magnitude, while the relative response was almost 80% at this same time 

point.  The remaining post-occlusion time points were much closer, with the two 

progressions trending similarly during the period between Day 7 and Day 21 post-stroke. 
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Figure 34: Plot comparing the progression of the relative and absolute changes in ICT 

during functional stimulation over all animals at each time point. (Mean ± 

SD) (n=5). 

Relative responses for the animal in Figure 30, with the time courses displayed to 

compare those of the absolute functional blood flow response (Figure 35).  Each of the 5 

relative post-stroke time points shows a response that appears to be at or near the pre-stroke 

magnitude, though the absolute measurements display a diminished post-stroke response. 
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Figure 35:  Plot of time courses of the absolute changes in ICT value (ICT(x) – 

ICT(baseline)) for each time point with 5 second stimulus denoted (top). 

Plot of time courses of the relative changes in ICT value (ICT(x)/ 

ICT(baseline)) for each time point with 5 second stimulus denoted (bottom). 



 98 

5.4 DISCUSSION 

The data presented demonstrates a protocol for a long-term in vivo study monitoring 

the dynamics of the CBF response to functional forepaw stimulation after ischemic stroke 

using two variations of Multi-Exposure Speckle Imaging.  Over the 21 day post-occlusion 

period, animals underwent increases to near pre-stroke levels in their resting state baseline 

ICT measurements, with the progression captured by MESI.  Using FA MESI over the 

same time period, the magnitudes of the absolute functional blood flow responses reached 

only 55% of their pre-stroke measurements.  By pairing these relatively non-invasive 

imaging techniques with a chronic mouse model, this protocol could be further adapted to 

incorporate additional long-term pathophysiologic and pharmacologic studies of stroke 

recovery.  

5.4a Absolute Changes in Functional Blood Flow Response 

With FA MESI, absolute baselines were able to be quantified for pre- and post-

stroke measurements of the CBF during each stimulation block, allowing for the changes 

in functional blood flow response due to the occlusion damage to be monitored over a long-

term period of weeks to months.  While previous optical techniques for measuring 

functional responses display only relative measurements, FA MESI’s capability to measure 

absolute changes presents a chronic platform from which different experiment days can be 

fairly compared.  If experimenters were to compare only the relative magnitudes of the pre- 

and post-stroke functional responses from Figure 34, average Day 2 post-stroke 

measurements would present a response at 77% of the magnitude of the pre-stroke 
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response.  This means the magnitude of the relative response would display over twice the 

estimate of the absolute change, 31%, measured with FA MESI, and would suggest the 

photo-thrombotic occlusion to have a much less pronounced effect on the functional health 

of the region, giving an inaccurate representation of the CBF recovery process (Figure 31). 

Progression outcomes from this small scale photo-thrombotic occlusions indicate 

that the functional health of the forepaw region does not directly mirror the overall CBF 

health.  While the baseline ICT around the occlusion site for Day 21 post-stroke 

measurements show the CBF reaching 93% of the pre-stroke values, the functional blood 

flow response of this region, or ΔICT, only reaches 55% of the pre-stroke magnitudes 

(Figure 31).  This suggests the need for further extending the post-stroke experimental 

period to monitor the progression of the functional response past the time when baseline 

ICT measurements have reached their pre-stroke values.  Results also showed that though 

the baseline regional CBF saw large increases at Days 4 and 7 post-stroke time points, the 

functional health did not follow this trend, and instead slightly worsened over the same 

period.  The lack of increases in the functional blood flow responses over this time period 

between Days 2 and 7 could be the result of a diminished functional capacity to raise blood 

flow or the lack of restoration of the neuropil’s demand for blood flow.  The temporal 

length of the functional response was also impacted for all post-occlusion measurements, 

though the onset and time to peak of the blood flow responses had similar latencies for 

most animals (Figure 30C).  The combination of these observations suggests that perhaps 

the regional vasculature cannot recruit enough supply to maintain the functional response 

for the full stimulation duration of 5 seconds. 



 100 

5.4b Performance of FA MESI determining baseline ICT 

When comparing the baseline ICT values measured with 15-exposure MESI and 5-

exposure FA MESI, results showed inaccurate estimations from FA MESI when the flow 

range measured <15% of the pre-stroke values.  These three data points originated from a 

single animal’s Day 2, 4, and 7 post-occlusion measurements, and were the result of a much 

larger occlusion than was seen for the remaining 4 animals. By Day 14 of this animal’s 

post-stroke period, ICT values rose enough to fall into the more accurately sampled flow 

distributions for FA MESI.  These results suggest that studies looking to cause high impact 

strokes and measure functional responses during these days should incorporate a different 

subset of MESI exposures to account for the much slower flow distributions present.  An 

increased number of longer exposure durations, particularly between 5 ms and 80 ms, are 

needed to better sample the speckle visibility curve for the slow flowing post-occlusion 

vasculature after high-impact strokes.  For the remaining 27 data points on Figure 32, a 

regional trend line slope of 0.95 presents a strong indicator of the accuracy of FA MESI 

over these flow ranges compared to traditional 15-exposure MESI.  As the baseline values 

for FA MESI were taken by averaging the 5 seconds before the stimulus over all 25 

stimulation blocks, small inaccuracies could have resulted from any baseline drift over the 

experimental period.  The FA MESI measurements were also taken immediately following 

15-exposure MESI in all animals, resulting in the animal being on anesthesia for a slightly 

longer period (~5 minutes) at the start of FA MESI, which could account for slightly lower 

baseline ICT values measured with FA MESI. 
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5.4c Changes in Measured Flow Distributions 

After the occlusion, when flow distributions have shifted toward lower flows, 

contributions from each single exposure in FA MESI were expected to re-organize with 

more emphasis placed on the longer 80 ms exposure and less on the shorter exposures.  

Figure 6 showed that this was indeed occurring in a Day 7 post-stroke measurement where 

regional ICT was still at 67% of the pre-stroke values.  The Day 7 measurements show the 

80 ms exposure having the most prominent relative change when the stimulus occurs, and 

illustrates how the overall FA MESI response is weighted by this chosen exposure (Figure 

33B).  Once again the limited ability of the vascular region to sustain hyperemic signals is 

prominent for this exposure, as the 80 ms relative response drops swiftly toward baseline 

while the stimulus is still being delivered (Figure 33B).  The re-organization of the single 

exposure contributions shows the necessity for having multiple exposures when measuring 

any perturbation in flow, as the accuracy of any single exposure when looking at large 

changes diminishes when the flow distributions fall out of the particular accurate range of 

the exposure.  With multiple exposures sampling the same region, these inaccuracies are 

resolved by the combination of exposures having accurate ranges across all possible flows 

for the particular experiment. 

5.4d Progression of Absolute and Relative Flow Responses 

 Though the absolute functional blood flow response of the Day 2 post-stroke 

measurement only averaged 31% of the pre-stroke magnitude, the relative response was 

almost 80% at this same time point (Figure 34).  This suggests that this region of the brain 
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is still able to recruit at or near the same percentage of available CBF at Day 2 post-stroke.  

While relative results may misinterpret this response as showing minimal change from pre-

stroke values, the establishment of an absolute baseline with FA MESI is able to illustrate 

just how large of a drop in flow response actually occurs.  This large difference between 

the relative and absolute responses seems to lessen after this Day 2 post-stroke time point, 

and trends fairly similarly between Days 7 and 21 post-stroke.  This suggests the possibility 

that the period of 7 days after occlusion with diminished cerebral blood flow reduced either 

the number of cells or capacity of the cells to recruit the available flow for a functional 

response. 

5.5 SUMMARY 

A long-term stroke progression study using a photo-thrombotic occlusion model 

was used to evaluate an optical imaging protocol for monitoring chronic functional blood 

flow measurements of the forepaw region of the mouse cortex.  After occlusion, Multi-

Exposure Speckle Imaging was used to measure regional CBF perfusion of the stroked 

area, with increases to CBF occurring after Day 2 and reaching 93% of pre-stroke values 

by Day 21 of the post-stroke period.  During this same time span, Functional Activation 

MESI measured the absolute change in functional blood flow response to forepaw 

stimulation within the damaged area. The occlusion delivered within the pre-stroke 

functionally responding area resulted in both a lower magnitude and shorter temporal 

length of the post-stroke response. Functional outcomes of the study observed Day 21 

response measurements reaching 55% of the pre-stroke magnitude and 74% of the pre-
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stroke temporal length of the functional blood flow response.  Though increases in the 

regional CBF began after Day 2, the magnitude of functional blood flow responses did not 

mirror this recovery time line, instead regressing from Days 2 to 7, after which it began to 

increase toward pre-stroke values. With the ability to measure absolute functional 

responses, the presented FA MESI technique has been shown to chronically track the 

temporal dynamics of the blood flow within functionally responding areas over the course 

of weeks, and can also be used in acute studies to more accurately sample large changes in 

resting and activated state cerebral blood flows. 
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Chapter 6: Conclusions 

6.1 SUMMARY 

Optical imaging techniques have played important roles in understanding the 

progression of the complex hemodynamics in the brain by observing changes in 

physiological parameters associated with neurovascular disease.  Rodent models of these 

diseases have been studied with these techniques in hopes of elucidating the neurovascular 

response and treatment outcomes of analogous clinical pathologies. These optical methods 

present significant advantages over other imaging techniques due to their combination of 

non-invasiveness, excellent spatial and temporal resolution, and relatively low cost.  One 

of the main previous limitations of optical techniques is that they typically only determine 

relative changes in the physiological parameter of interest, limiting studies to acute 

measurements.  Multi-Exposure Speckle Imaging offers a technique capable of 

establishing a quantitative baseline, thus eliminating the limitation of relative 

measurements.   

With the combination of a chronic mouse model, MESI measurements of cerebral 

blood flow, and two-photon fluorescence microscopy measurements of vascular structure, 

we have demonstrated a protocol for a long-term study monitoring the progression of the 

vasculature in the rodent cortex after photo-thrombotic stroke.  We have shown the 

occurrence of significant vascular reorientation over a 35 day post-occlusion period, 

beginning as early as 7 days after the occlusion delivery.  Flow estimates from MESI within 

the un-resolvable parenchyma were shown to have high correlations with two-photon 

microscopy sub-surface volume fractions within areas of recovering vasculature in the peri-

infarct region.  This imaging protocol presents the potential to test the efficacy of 

rehabilitation and pharmacological therapies on neurovascular disease. 
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We have demonstrating the ability to optimize MESI for measuring functional 

blood flow responses with sufficient temporal resolution, providing an absolute baseline 

that can be utilized for chronic studies monitoring the progression of the response.  A subset 

of 5 exposures was found to sample the flows distributions prevalent in functional blood 

flow response to forepaw stimulation.  This allowed FA MESI to double the sampling rate 

of 15-exposure MESI while maintaining a comparable accuracy.  The feasibility of 

capturing functional blood flow responses was demonstrated with FA MESI, allowing for 

absolute changes in CBF to be measured.  By developing this imaging modalities to provide 

absolute flow changes rather than relative measurements, it allows for studying the 

progression of the functional response after ischemic stroke with the chronic mouse model.  

This development also illustrates the ability to adapt MESI for other experiments by 

optimizing the subset of exposures for the flows of interest, minimizing the main 

drawbacks of decreased sampling rate and computational complexity. 

Finally, we deployed FA MESI in a chronic study monitoring the progression of 

the functional blood flow response and regional CBF of the cortex after photo-thrombotic 

occlusion within the functionally responding region to forepaw stimulation.  Following the 

occlusion, increases in the baseline CBF perfusion begin at Day 2 post-stroke and reach 

near pre-stroke baseline values by Day 21.  Absolute changes in the functional blood flow 

response over the same animals show the magnitude of the response to decrease further 

between Days 2 and 7 post-stroke, followed by an increase between Days 7 and 21.  While 

the CBF perfusion values reached over 90% of the pre-stroke measurements, the magnitude 

of the functional blood flow response only reached 55% of the pre-stroke magnitude.  
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Absolute changes in the flow response were compared to relative changes, showing large 

discrepancies for Day 2 and Day 4 post-stroke measurements, demonstrating the need for 

measurements of absolute response in experiments such as these to accurately measure 

functional outcomes.  The performance of FA MESI technique was validated over the 

sampled flow distributions by comparing baseline measurements of ICT to those from 15-

exposure MESI at the same time points. 

By combining these non-invasive optical systems capable of measuring absolute 

outcomes of cerebral blood flow, functional response, and vascular structure with a chronic 

mouse model, we can work to determine each parameters role during pathophysiological 

events, helping elucidate the progression of neurovascular diseases 

6.2 FUTURE WORK 

Combining a chronic mouse model with long-term studies of vascular progression 

after ischemic stroke has opened many pathways that can be taken for future work.  Two 

that will be discussed in more detail are adding chronic monitoring of oxygen tension to 

protocols from this dissertation in order to address the impact of oxygen gradients on the 

health of the vasculature and blood flow, and altering the damage model from the photo-

thrombotic stroke toward a technique that results in a larger penumbral area and smaller 

ischemic core.  By introducing a disease model with less damage to the area of interest, the 

impact of the flow decrease in the penumbra on the functional health of the tissue can be 

better separated from the damage in the ischemic core.  A large limitation of the current 

model used in Chapters 3 and 5 is that the photo-thrombotic occlusion results in a large 
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ischemic core but creates only a relatively small area of penumbra surrounding the core, 

which may not be the most clinically relevant stroke model to study. 

6.2a Monitoring Oxygen Tension Chronically after Stroke 

Phosphorescence quenching provides an optical technique for in vivo 

measurements of the partial pressure of oxygen, or pO2.
138,139  This technique works by 

dissolved oxygen within the region of interest quenching the phosphorescence of molecules 

and altering their excited state lifetimes (Illustration 5).140–142 

 

Illustration 5:  A) Jablonski diagram of phosphorescence quenching. B) Reduction in 

excited state lifetimes due to phosphorescence quenching.  

The pO2 can be quantified from the measured lifetime using the Stern-Volmer 

relationship below. 

τo/τ= 1 + kqτo[pO2],     (Eqn. 4) 

 

For this equation, τ is the measured excited state lifetime, τo is the unquenched 

lifetime and kq is a quenching constant dependent on the probe’s energy transfer efficiency 
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and kinetics within its microenvironment.  This technique has been demonstrated in a wide 

range of tissues including retina,143 brain,144,145 and muscle,146 and is especially useful for 

studying the cortical oxygenation before and after occlusion.97 

Preliminary studies were undertaken attempting to monitor the progression of pO2 

after photo-thrombotic occlusion within the region of the cortex functionally responding to 

forepaw stimulation in several animals.  Measurements of oxygen tension were taken with 

the two-photon microscope used in Chapter 3, as it provides a depth-resolved technique 

capable of describing the oxygen concentrations in very small volumes of vasculature.  The 

goal of this study was to link the progression of the pO2 in the post-occlusion region with 

the CBF, volume fraction, and relative functional blood flow response.  These studies were 

intended to be a follow-up to the work presented in Chapter 3, before the development of 

FA MESI.  Specifically, we wanted to investigate the oxygen tension gradients within the 

infarct core along the direction of vascular reorientation previously documented.  A similar 

stimulation paradigm to the paradigm described in Chapters 4 and 5 was used to identify 

the pre-stroke functionally responding forepaw region in all animals (n=5) (Figure 36).  



 109 

 

Figure 36: A) Speckle contrast image (5 ms exposure) of cortical microcirculation.  

Scale bar = 300 µm.  B) Relative response map of inverse correlation times 

at 5 ms exposure. C) Time course of ICT dynamics from an 800µm square 

region bounding the area with maximal response in (B). 

Two-photon microscopy was used to identify a descending arteriole supplying the 

functionally responding region, denoted by an arrow in Figure 37A.  After identification 

of the vessel of interest, a photo-thrombotic occlusion was delivered to the animal, and 

chronic monitoring of the post-occlusion dynamics commenced.  The flow reductions in 

the CBF were monitored with MESI and classified into vascular or parenchymal regions.  

This classification was done both for the entire field of view as well as the area of the 

ischemic core (Figure 37). 
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Figure 37: A) Progression of MESI ICT maps pre- and post-occlusion.  Core regions 

with flow <10% of baseline are identified by black outline.  Areas of 

reduced flow are bounded by white outline. Vessel and parenchymal 

segmented perfusion analysis of the entire FOV (B) and in the ischemic core 

(C). 

Results from the animal in Figure 37 suggest that the vascular ICT measurements 

increased above baseline values by Day 3 post-stroke within the full FOV, while 

parenchymal ICT measurements were only ~50% of their pre-stroke baseline (Figure 37B).  

The full FOV ICT measurements within the parenchyma reached pre-stroke baseline values 

by the next measurement point 7 days after occlusion.  The dynamics of the vascular and 

parenchymal volume fractions within the field of view were also studied, showing 

substantial increases in the amount of surface vasculature at Day 7 post-stroke (Figure 

37B).   Within the ischemic core, measurements of parenchymal ICT reach only ~75% of 
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the pre-stroke baselines by Day 7 post-stroke, with little surface vascular volume fraction 

remaining after the occlusion (Figure 37C). 

The vascular structure and partial pressure of molecular oxygen within ischemic 

core area were studied with two-photon lifetime microscopy to further characterize the 

region before and after photo-thrombotic occlusion (Figure 38).  Three time points were 

used for chronic two-photon imaging of the targeted area: baseline, day of stroke, and 7 

days post-stroke. 

 

Figure 38: Chronic two photon lifetime microscopy of functionally responding region 

identified with speckle imaging.  Oxygen tension values in terms of the 

partial pressure of molecular oxygen (pO2) are overlaid over two photon 

intensity projections of fluorescein labeled vasculature.  

 Baseline measurements of pO2 were restricted to within vasculature, while post-

stroke measurements could also sample the surrounding tissue, as the phosphorescent 

probe was small enough (MW=65 kDa) to escape the post-occlusion leaky vasculature.  

Baseline measurements of the oxygen tension were taken at two pre-stroke time points 

separated by 4 days with no significant differences.  The small fluorescent dye (MW=70 

kDa) used in Chapter 3 was replaced with a larger dextran conjugated plasma fluorescent 
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dye (MW=2MDa) in attempts to minimize the effects extravasation on post-stroke 

imaging.  This improvement resulted in much better SNR for Day 7 post-stroke imaging 

than was previously seen in the Chapter 3 experiments.  The oxygen tension within the 

targeted arteriole branch showed a 60 mmHg drop (70mmHg baseline, 10-15 mmHg post-

occlusion), with even lower oxygen tension in the surrounding tissue of the ischemic core 

area.  This surrounding tissue measured pO2 values as low as 7 mmHg immediately after 

stroke, suggesting that the oxygen delivery to this area was severely disrupted by the photo-

thrombotic occlusion (Figure 38).  Measurements of oxygen tension 7 days after the stroke 

showed slight perfusion into the targeted arteriole branch, though much less than pre-stroke 

baseline.  This slight perfusion was enough to raise pO2 values in this vessel of ~60 mmHg.  

Though the extravasation seemed to have stopped for the large fluorescent probe, the small 

phosphorescent probe was still able to be measured in the extravascular space at Day 7, 

and showed comparative pO2 values to those measured in capillaries of the pre-stroke 

baseline vasculature.  Results from this study suggest the recovery of the oxygen tension 

on the surface of the vasculature to be on a similar timeline to the CBF recovery for this 

photo-thrombotic model. 

 The major limitation of this study was the time required to make these point-by-

point measurements of pO2.  While the main benefit of two-photon microscopy is the 

ability to resolve deeper vasculature, this advantage was not able to be capitalized for this 

study due to experimental times lasting much longer than is healthy for the chronic animal 

model.  Minimizing anesthesia exposure of the chronic animals in these studies is an 

important factor in maintaining the general health of the animal and measuring results that 



 113 

aren’t biased by the effects of anesthesia.  While the experimental time line for this study 

was expected to measure the progression on the order of 35 days post-occlusion, only one 

of the five animals that made it to the occlusion stage reached the Day 7 post-stroke time 

point.  The experimental time of ~2-3 hours for two-photon lifetime microscopy was not 

conducive to a chronic study with time points as close together as this.  Measurements of 

functional blood flow response to forepaw stimulation did not progress at all over this small 

post-stroke window. 

 Future work looking to add oxygen tension measurements into a chronic study of 

the cortex after photo-thrombotic occlusion could potentially move toward a much faster 

but less regionally confined surface measurement.  The same phosphorescent decays can 

be measured by selectively illuminating the surface with a digital micro-mirror device 

(DMD) and taking the resulting depth-integrated signals to map the pO2 of the region 

(Figure 39). 
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Figure 39: Map of depth-integrated pO2 measurements of the surface vasculature using 

selective illumination from DMD. 

 This technique presents a much faster alternative to two-photon lifetime 

microscopy due to the selectively ability to illuminate a relatively large region and recover 

signal with good SNR.  The drawbacks being that it is a spatially averaged result in all 

three dimensions.  These drawbacks are relatively minor for this particular study looking 

at oxygen gradients along the perfusion boundaries highlighted with MESI, as the spatial 

resolution could prove to be sufficient for this application. 

6.2b Alternate Physiologically Relevant Disease Models 

The chronic mouse model which was originally hoped to last 1-2 months has shown 

that with a good preparation and upkeep they can potentially last 4-6 months, allowing for 
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a much slower damage model as well as a much longer post-occlusion window to look at.  

This longer window would be useful in both the experiments done in Chapters 3, where 

the full vascular progression into the infarct was not able to be captured with two-photon 

microscopy over our experimental duration.  In addition to this, questions could be 

answered on the remodeling effect of the vessels perfusing into this area, and whether there 

is a return to a homogenous orientation as was seen pre-stroke.  The extended post-

occlusion window would see similar effects in the Chapter 5 study, as more information 

could be gleaned into the recovery of the functional blood flow response to forepaw 

stimulation, as the magnitude of the response was still increasing at the experimental end 

point.  Longer periods would allow for more information on whether the magnitude of the 

response does indeed recover to pre-stroke values within the affected region, or if perhaps 

the spatially responding area will migrate toward a healthier region of the cortex given 

more time to recover. 

The photo-thrombotic occlusion used throughout the studies presented in this 

dissertation resulted in a quickly developing ischemic core area matching the focal spot 

size of the photo-activation laser (0.6 mm diameter circle).  Though a penumbral area of 

reduced blood flow surrounding this core was created in the animals, it was much smaller 

on average than the core area itself.  This results in the vascular progression outcomes 

presented being specifically tailored only to this stroke model where in addition to the main 

occlusion of the descending arteriole, there are micro-scale occlusions throughout the sub-

surface vasculature reached by the photo-activation laser.  This model may not present the 
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most clinically relevant model, as many clinical therapies are targeting the recovery of the 

penumbral area.   

The potential exists for a more precise photo-thrombotic occlusion, resulting in 

minimized damage to the surrounding tissue by only occluding surface vessels.  By using 

a DMD to selectively illuminate only the targeted vessels, a photo-thrombotic occlusion 

can be delivered within individual vessels with much lower laser powers (Illustration 6).  

This selective illumination allows for the experimenter to better tailor the impact of the 

occlusion to fit an experiment, as well as create a larger penumbra area with a small core 

by only damaging a vessel supplying flow to a region.  

 

Illustration 6: Selective illumination pattern for digital micro-mirror device (DMD) to 

project light for phosphorescence measurements or photo-thrombotic 

stroke. 

Preliminary work using this DMD has shown the ability to create strokes with low 

laser powers, occluding the targeted vessel for 1-2 days after which the flow returns as the 

thrombus is cleared.  Combining this short term occlusion method with the longer-lasting 
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chronic mouse model gives the potential for a damage model based on repeated small-scale 

vascular occlusions that could be delivered every week or two with the chronic effects 

being monitored for months.  This damage model would result in very little to no ischemic 

core, as the vessel would reperfuse itself after hours to days, but would induce a deprivation 

of the blood flow and oxygen supply to the surrounding tissue if targeting a descending 

arteriole, creating a penumbral region.  By using this model in combination with MESI and 

surface-integrated phosphorescence quenching, much information could be gleaned about 

the role of CBF in creating local oxygen gradients.  Repeatedly occluding the supplying 

vessels would also detail the cumulative effect of these strokes on the vasculature over a 

longer period of time. 

Though delivery of traditional stroke models such as endothelin-1 (ET1),147–151 a 

potent vasoconstrictor used in animal studies of cerebral ischemia, or middle cerebral artery 

occlusion (MCAo)152–154 present problems in delivery with this chronic mouse, both 

present alternate techniques with the capability to produce a large penumbra area with 

minimal additional damage.  It is possible that these alternate techniques present more 

clinically relevant disease models to mimic the localization and progression of stroke than 

a scalable photo-thrombotic occlusion, which must be further validated.  Ultimately, all 

pre-clinical studies of neurovascular disease require imaging techniques such as those 

developed and utilized in this thesis to interrogate and predict the efficacy of potential 

interventions. 
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Appendices 

The information presented in the Appendices is intended for further description of 

the animal preparation and maintenance protocol developed for the evaluation of the 

chronic in vivo optical imaging techniques. 
 

APPENDIX 1. STERILE CRANIAL WINDOW SURGICAL PREPARATION  

The optical techniques of MESI and 2PLM are noncontact to the extent that optical 

access to the tissue can be obtained, for which a chronic cranial window implantation 

technique is outlined as follows.  

Mice (CD-1, male, 30 g, Charles River) were anesthetized with isoflurane (2.0%) 

via a nose-cone.  Body temperature was maintained at 37°C throughout surgery and 

imaging using a feedback temperature control system (FHC Bowdoin, ME, USA).  All 

animal surgeries were performed in sterile conditions.  Vitals, including heart rate, breath 

rate, and arterial oxygen saturation were monitored with a pulse oximeter (MouseOX, Starr 

Life Sciences Corp., Oakmont, PA, USA).  After induction, mice were placed in a 

stereotaxic frame (Narishige Scientific Instrument Lab, Tokyo, Japan) and administered 

injections of carprofen (5 mg/kg, subcutaneous) and dexamethasone (2 mg/kg, 

intramuscular) to reduce inflammation of the brain after skull removal during the 

craniotomy.    

Surgical instruments and artificial cerebral spinal fluid (ACSF, buffered pH 7.4) 

exposed to incision area were sterilized via autoclave. The mouse was placed supine and 

the head fixed to a stereotaxic frame. The scalp and topical anesthetic applied to the skin.. 

A 4 x 3 mm portion of skull was removed via dental drill (Ideal Microdrill, 0.5mm burr; 
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Fine Science Tools, Foster City, CA, USA) with constant perfusion of sterile artificial 

cerebral spinal fluid (buffered pH 7.4).  A thin layer of cyanoacrylate (Vetbond, 3M, St. 

Paul, MN, USA) was applied to the areas of exposed skull in order to facilitate the adhesion 

of dental cement in a following step.  A 5-8 mm round coverglass (#1.5, World Precision 

Instruments, Sarasota, FL, USA) was placed on the brain with a layer of artificial cerebral 

spinal fluid separating the two.  While applying gentle pressure to the coverglass, a dental 

cement mixture was wicked around the perimeter of the coverglass and sealed to skull.  

This process ensured a sterile air-tight seal around the craniotomy and restored intracranial 

pressure.  A second layer of cyanoacrylate was then applied over the dental cement mixture 

to further seal the cranial window.  Animals were allowed to recover from anesthesia on 

the heating pad and were monitored for cranial window integrity and behavior normality 

for 4-6 weeks before imaging. 

APPENDIX 2. Chronic Animal Maintenance  

Following the surgical preparation described in Appendix 1, animals were 

administered carprofen injections subcutaneously (5 mg/kg) 2, 4, and 7 days post-surgery.  

This helps relieve chronic pain from the preparation as well as inflammation of the brain.  

Daily checks on the animals were made to monitor the integrity of the cranial window as 

well as the behavior of the animals.  Surgical preparations were done in batches of 5 over 

a period of 2-3 days to keep all animals in the same housing.  By keeping the animals 

socially housed, it reduced the amount of overeating that is seen when solo housing, thus 

reducing possible growth in the animal’s size, which helps to keep the cranial window 
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intact.  Any aggression from the mice resulted in separation of the animals, though this did 

not occur very often post-surgery. 

After 4-6 weeks recovery, animals were used for chronic imaging experiments.  

Cranial windows were cleaned before each imaging experiment with a cotton swab 

containing a few drops of 70% ethanol by swiping the swab over the window.  Any signs 

of discoloration on or around the cranial implant were documented and further observed 

for possible infections.  Behavior abnormalities were also documented before and after 

each experiment, particularly following delivery of the photo-thrombotic occlusion and 

post-stroke measurements.  Any cracks or breaking of the windows was also documented, 

resulting in the removal of this animal from the experiment and subsequent euthanasia.  In 

some cases, the connection between the dental cement and the surrounding skin of the 

animal’s head was bolstered by the application of another layer of sterile cyanoacrylate. 
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