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Supervisor:  Andrew K. Dunn 

 

Blood flow and its payload of molecular oxygen are two parameters of most 

physiological interest. Systemic tissue health is routinely gauged through measurements 

of vitals and oxygen saturation to estimate the state of these physiological parameters.  

We design, develop, and deploy optical imaging systems for examining perfusion and 

oxygenation at the local tissue level and apply these techniques for elucidating the normal 

and pathological processes associated with neurovascular disease.   

Specifically, we develop and validate the ability to use Multi-Exposure Speckle 

Imaging (MESI) to estimate microvascular flow dynamics in rodents over acute and 

chronic periods.  Next, we pose significant optimizations to improve the efficacy of the 

widefield imaging technique for adoption by bench-side and clinical perfusion studies.  

We also introduce re-interpretations of the underlying physics to advance the theory that 

quantifies motion from the imaged speckle patterns.  Finally, the technique is deployed 

for chronic monitoring of cortical flow dynamics before after focal ischemia of the motor 

cortex as part of a behavioral study in rodents. 

At the microscale, we develop and validate Two Photon Phosphorescence 

Lifetime Microscopy (2PLM) to examine dissolved oxygen concentration in 

microvasculature in three dimensions.  We examine the technique’s ability for functional 
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mapping of the rodent cortical microvascular network by quantifying the partial pressure 

of oxygen (pO2) before and after occlusion of critical arterioles.  Automation of 

acquisitions and processing for robust oxygen mapping within the micro-vascular 

network are developed and evaluated. The in vivo results are presented in light of those 

from studies utilizing more invasive mapping electrodes to provide independent 

corroboration of the observed neurovascular oxygen distributions.  The technique is 

deployed for examining high resolution functional and structural remodeling after focal 

cerebral ischemia.   
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Chapter 1: Background and Significance 

The primary cause of chronic disability in the Western world is neurovascular 

disease of which ischemic strokes are the most prevalent form  [1].  More generally, 

hemorrhagic and ischemic strokes collectively comprise one of the leading causes of 

death with the former having a fivefold higher mortality rate and treatment relegated to 

largely surgical interventions.  Ischemic events may be global, local and or transient in 

nature. Flow restorative treatments for ischemic strokes are largely thrombolytic with 

acute administration of recombinant tissue plasminogen activator (tPA) typically within 

three hours of stroke onset, which has limited impact to only five percent of stroke 

victims.  Further developments in thrombolytic interventions have been limited to clinical 

trials concerned primarily with extension of the acute therapeutic window  [2].  In the 

chronic term, pharmaceutical interventions traditionally involve administration of blood 

thinners and statins similar to cardiovascular disease management [3–6].  Also, physical 

therapy is routinely prescribed to take advantage of residual neuro-plasticity, which has 

shown varying degrees of efficacy when distinguished from development of trained 

accommodation  [7–12].  Therefore, a large focus remains on developing new therapeutic 

interventions that ultimately target one of two systems: circulation or nervous from 

pharmacological, behavioral, or in some cases surgical means [13]. There is a need for 

quantitative metrics for both basic physiological and disease model studies that can guide 

and improve the myriad of pre-clinical research for potential bed-side efficacy.   

Specifically, focal ischemia is characterized by reduced blood flow to a localized 

region of the brain [14].  This supply decrement leads to a cascade of cellular and 

molecular events that ultimately lead to tissue damage.  The degree of tissue damage 

scales from the most severe (<20% of baseline flow) within the ischemic core, followed 
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by areas with drastic flow decrement but no immediate cell death known as the 

penumbra, to areas with nominal to no flow decrements that retain normal tissue 

health  [15].  Neuroprotective studies largely target the penumbra in an effort to improve 

tissue viability and restrict expansion of the ischemic core  [16].  Due to the unique 

signaling and networking mechanisms of the nervous system, dead cells can disturb the 

electrochemical homeostasis of large regions and thereby modulate the metabolic activity 

of neighboring regions, often denoted as peri-infarct depolarizations (PIDs) [17–19].  

These pathological activations can elevate the metabolic demand in regions with marked 

supply decrements, exacerbating the severity of the tissue damage.  

Neuroprotective interventions for flow restoration can target the microvasculature 

as well and have been promising in animal studies, but shown limited success in clinical 

trials.  As the causes of neurovascular disease may mirror or rather be an extension of 

cardio- or peripheral- vascular disease, cholesterol lowering statins and blood thinners 

have been introduced as candidates of chronic therapy. Treating arrhythmia, particularly 

atrial fibrillation, can also be neuroprotective. Acute administration of hypothermia and 

hyperoxia (normobaric and hyperbaric) have also been demonstrated with varying results 

and concerns of toxicity in both laboratory and clinical studies [20,21].  Furthermore, 

behavioral studies conducted in animals have been able to characterize functional 

deficits, but co-validation against any direct or active monitoring of neuro-vascular 

remodeling has been limited.   

1.1 NON-OPTICAL IMAGING OF HEMODYNAMICS (CEREBRAL BLOOD FLOW AND 

OXYGENATION) 

Magnetic Resonance Imaging (MRI) studies of flow changes largely revolve 

around arterial spin labeling or functional activated changes of blood oxygen 

levels  [22,23].  MRI alone has revolutionized human brain imaging with the ability to 
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observe both anatomical (spin-echo) and functional (gradient-echo) changes in a 

localized fashion and thus has become a standard tool for understanding human cognitive 

brain function.  Functional information is garnered by observing changes in the blood 

oxygen level dependent (BOLD) signal due to the paramagnetic deoxyhemoglobin 

species.  Due to this oxygen dependency, MRI excels in measuring the cerebral metabolic 

rate of oxygen consumption (CMRO2) and less so cerebral blood flow (CBF), though the 

former is dependent on CBF.  However as with MRI imaging in general, there is 

insufficient resolution to examine microvasculature, or more generally neurovascular 

anatomy with sufficient structural detail. Therefore, relative CBF and CMRO2 data is 

generally presented from regions comprising large neuro-anatomical sections.  Further 

functional localization has been achieved with position emission tomography (PET), 

which has much better sensitivity to CBF (absolute measurements) from exogenously 

introduced radiotracers.  Also, fluorodeoxyglucose (FDG) administration during PET has 

been useful for tracking glucose consumption or glycolysis (CMRGlc).  In the auto-

regulated brain, oxidative glycolysis outweighs that of non-oxidative glucose 

consumption and reaches significant levels of PET signal when vasodilation is initiated 

and when depolarized neurons begin to repolarize by ion-pumping, relegating studies to 

functional activation or substantial neuro-metabolic stress  [24,25].  The accessibility of 

these tools has largely revolved around clinical centers and recently seen improvements 

in functional imaging of small animals experimental models.  These modalities provide 

insight into neurophysiology and anatomy in live animals and humans, but are unsuitable 

(i.e. resolution, sensitivity, signal-to-noise ratio) for imaging micro-vascular dynamics 

and can also be cost prohibitive. 

Transcranial ultrasound measurement of blood flow velocity of the cerebral 

arteries in humans has shown to be apt monitor of CBF associated with vascular 



 4 

pathologies of large supply arteries, as has recently been observed by expansion in 

diagnostic usage and therapeutic monitoring  [26].  These techniques are based in 

Doppler shifts largely observed in the axial direction of interrogating wavefront 

propagation. With combined angiographic information, such as vessel caliber, velocity 

measurements can be translated to volumetric flow  [27].  Resolution and sensitivity 

limitations restrict signals to main supply arteries and draining venous flow, relegating 

usage to diagnosing global hypoperfusion [28].  Therefore, the standard units of 

measuring CBF have become ml/100g/min, where the mass factor denotes the size of the 

brain tissue perfused and implies a limitation to estimates of global perfusion from the 

available techniques.   

1.2 OPTICAL IMAGING OF CEREBRAL BLOOD FLOW AND OXYGENATION 

The main advantage of optical modalities is that microscale resolutions can be 

achieved down to the diffraction limit often with sufficient signal-to-background noise 

ratio (SNR) from fluorescent contrast agents.  Much still remains unknown about the 

microvascular anatomy and its functional relations with the neural activity, known as 

neurovascular coupling.  The most prevalent form of hemodynamics information from 

established optical means is arterial oxygen saturation, which falls within the domain of 

spectroscopic measurements.  This technique is based on the absorption differences of 

oxygenated and de-oxygenated hemoglobin and has translated quite well to a clinical 

setting in the form of pulse oximetery.  Similar techniques, such as transcranial near-

infrared spectroscopy (NIRS), have been utilized for visualizing functional  [29] and 

infarct related [30] cerebral hemodynamics with intrinsic and exogenously introduced 

contrast (i.e. indocyanine green), respectively, but have seen little clinical use despite 

convincing correlation with MRI observations of stroke patients [31]. Cerebral 
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hemodynamics observed by multispectral absorption of hemoglobin have been studied in 

response to functional and resting state activity along with relative CBF information, 

such as from Laser Doppler or Speckle Contrast Imaging, to obtain an estimate of the 

relative metabolic activity or rCMRO2.  Particularly, the effects of ischemic zone 

protection with acute hyperoxia treatment  [20] and contralateral stimulation  [32] have 

been examined using multi-spectral means, where the potential for neuroprotection is 

often quantified in terms of oxygen saturation maps or relative CMRO2.  These 

phenomena are a direct analog of the blood oxygen level dependent signal in fMRI, but 

with optical interrogation and the requisite specimen preparation. Changes in oxygenated 

(HbO), deoxygenated (HbR), and total (HbT) hemoglobin concentrations are determined 

using a modified form of the Beer Lambert Law utilizing the tissue optical properties and 

an estimate the differential pathlengths for each illumination wavelength. The in vivo 

results of cortical multispectral reflectance imaging show adequate spatio-temporal 

localization and neuro-electric correlation to evaluate active hemodynamics over large 

fields of view at the level of the microcirculation. Specifically, optical imaging 

experiments of sensory evoked activity have observed an initial increase in oxygen 

consumption, exhibited by an increase in the concentration of deoxyhemoglobin, 

followed by a latent (2-3sec) blood flow increase which may not completely co-register 

within the boundaries of the targeted functional domains.  Nevertheless, with 

complementary relative blood flow information often from laser speckle contrast 

imaging, an index of the relative metabolic rates of oxygen consumption (rCMRO2) can 

be spatio-temporally mapped for suitable correlation to the centroid of the functional 

domains.  
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1.2a CBF Measurements from cortical microvasculature 

 

 

Illustration 1:  A) Example two-photon linescan from a cortical micro-vessel B) RBC 

speed time-course from linescan in A. 

Blood flows in resolvable vasculature from tracking erythrocytes in space and 

time (Illustration 1) can be obtained with laser scanning microscopy as well as intrinsic 

high speed camera imaging.  For the former, fluorescent contrast agents are used to label 

the blood plasma and thereby track erythrocytes over a spatial span (e.g. linescan) 

repeatedly with negative contrast.  These linescans provide absolute particulate velocities, 

and with the corresponding vessel caliber information, can be converted to an estimate of 

volumetric flow. However, the transverse scanning regions are ultimately small with 

length scales typically no larger than 200 µm (from 500 µm x 500 µm square fields of 

view) at kilohertz linescan rates in order to capture planar erythrocyte speeds with 

sufficient spatio-temporal resolution.   

This technique will be utilized to obtain erythrocyte velocities (magnitude and 

direction) in Chapter 4.   An analog of this technique at the tissue level can be applied 

through camera reflectance imaging of surface vasculature over the hemoglobin 

absorption range (i.e. RBC tracking), provided adequate spatio-temporal sampling of 

erythrocytes accomplished by magnification and camera speed optimization.  Since 
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sufficient contrast is often only achieved from relatively small (<100μm diameter) 

surface vasculature to avoid excessive depth-integration and signal-to-background, 

dynamic RBC reflectance tracking is useful for quantifying exposed microcirculatory 

flows, as has recently been demonstrated in fundus imaging of retinal vessels [33].  In 

small animal models, the technique is viable for imaging the cortical surface through 

cranial windows provided the strict sampling criteria are met.  We will use this technique 

in Chapters 2 and 3 to calibrate speckle contrast imaging over surface microvasculature 

acutely and chronically in mice.   

1.3 MEASURING CEREBRAL BLOOD FLOW (CBF) WITH DYNAMIC LIGHT SCATTERING 

(DLS) 

Imaging methods for in vivo monitoring of blood flow dynamics are of great 

interest for a myriad of physiological and disease applications in both clinical and 

laboratory settings. While MRI, CT and ultrasound are commonplace in clinics for both 

hemodynamic and angiographic information, optical techniques based on dynamic light 

scattering (DLS) are often utilized for blood flow monitoring in pre-clinical research.  

DLS techniques include laser Doppler, speckle contrast imaging and photon correlation 

spectroscopy [34,35]. These essentially Doppler based techniques are increasingly 

translating to the clinic as well.  Although each of these techniques differs in their 

measurement geometry and analysis, each method is reliant on label-free intrinsic signals 

based on laser-tissue interactions.  

In recent years, dynamic light scattering (DLS) has been employed to accomplish 

rapid particle sizing and flow analysis with techniques such as Laser Doppler Flowmetry 

(LDF) and Laser Speckle Contrast Imaging (LSCI) [54–56].  Laser Doppler Flowmetry 

has been utilized for in vivo monitoring of relative CBF at single spatial locations in 

animals under various physiological conditions. The main advantage of the technique has 
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been high temporal resolution on the order of milliseconds with a relatively small amount 

of illumination and detection instrumentation.  Nevertheless, the lack of any spatial 

information is a significant limitation.  Although scanning LDF can provide some spatial 

information, there is a tradeoff with the temporal resolution due to the need for scanning.  

Alternatively, laser speckle contrast imaging (LSCI) offers a widefield mesoscopic 

perspective of blood flow through its operating principle in camera imaging of the 

interference patterns formed by dynamically scattered coherent light [36] traveling 

slightly different path lengths (e.g. laser speckle) with scalable fields of view. LSCI 

typically achieves millisecond temporal and tens of microns spatial resolution.  There is 

no need for tissue contact other than optical access, which makes speckle contrast 

imaging a relatively simple technique for obtaining detailed spatio-temporal CBF 

dynamics albeit in a superficially weighted and depth-integrated perspective.   

LSCI has emerged over the past decade as a powerful, yet relatively simple, 

method for imaging blood flow dynamics in real time. Widefield imaging of blood flow 

based on laser speckle was first demonstrated by Fercher and Briers in 1981 [37], and this 

method was given the name LASCA (laser speckle contrast analysis).  A significant 

limitation of early LASCA instruments however was the need to record images on film 

and then process the images later, which resulted in low temporal resolution and large 

uncertainties in the speckle contrast values. With the advent of CCD cameras and modern 

computers in the 1990s, acquisition and processing of speckle images improved 

drastically and imaging of blood flow in tissues such as the skin and retina became more 

feasible.  The rapid adoption of LSCI for physiological studies more recently is due to the 

ease and low cost of building an instrument as well as the ability to reliably quantify 

blood flow changes with sufficient spatial and temporal resolution [38]. Although 

measurements are depth integrated and weighted heavily towards superficial tissues, 
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LSCI has been instrumental in pre-clinical studies of neurological disorders and is 

foraying into dermatological, neurosurgical and endoscopic studies.  

1.3a Laser Speckle Contrast Imaging Basics 

When an object is illuminated with coherent laser light, a speckle pattern forms at 

the camera due to the fact that the laser light reaching each pixel has traveled slightly 

different pathlengths, which then combine to form a random interference pattern.  

Temporal changes in the speckle pattern encode information about the motion of the 

scattering particles encountered in the sample. Particularly, when the scattering particles 

are in motion (i.e. blood cells) the speckle pattern fluctuates in time.  Provided that the 

exposure time of the camera is longer than the time scale of the speckle intensity 

fluctuations (~1 millisecond for biological tissues), the camera integrates these variations 

resulting in the appearance of a blurring of the speckle pattern.   

The degree of spatial blurring can be quantified by calculating the speckle 

contrast, K, defined as the ratio of the standard deviation, σs, to the mean intensity of 

pixel values, <I>, in a small region of the image [39], 
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where T is the exposure time of the camera. Typical speckle contrast imaging of 

the rodent cortex is shown in Illustration 2. The raw speckle image illustrates the grainy 

appearance of the speckle pattern, with some regions appearing more blurred than others. 

The speckle contrast image is computed from raw speckle image using Equation 1.1 to 

generate a two-dimensional map of blood flow in the tissue. In areas of increased motion 

there is more blurring of the speckles resulting in a lower spatial contrast value.  LSCI is 

sensitive to blood flow in visible surface vasculature as well as areas of tissue that do not 
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contain visible vasculature (i.e. parenchyma). Speckle contrast values in areas containing 

no obvious surface vasculature contain information about blood flow in the underlying 

microvasculature, even though the microvasculature is not spatially resolved. 

Parenchymal speckle contrast values are higher than areas containing large supply and 

draining vessels since overall blood flow is lower. However, changes in blood flow can 

still be detected  [40,41] and the speckle contrast increases drastically when flow is 

interrupted  [42,43]. The lower contrast values correspond to darker regions in speckle 

contrast image and essentially indicate that the scatterers are moving fast enough relative 

to the exposure (integration time) of the camera to average out the speckles. Theoretically 

the speckle contrast values span the range between 0 and 1 when the speckle pattern is 

sampled properly [38,44]. A speckle contrast of 1 indicates that there is no blurring of the 

speckle pattern, and therefore no discernable motion over the camera exposure duration, 

while a speckle contrast of 0 means that the scattering particles are moving fast enough to 

average out all of the speckles.   

 

 

Illustration 2:     Laser Speckle Contrast Imaging.  Remission of scattered laser light from 

tissue is imaged by a CCD camera (left).  A moving window computes 

the speckle contrast (K) across the raw field-of-view (center) to obtain 

the speckle contrast image (right). 
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Quantitative measurement of blood flow can be challenging due to the complex 

physics that relate the measured speckle contrast to the underlying blood flow. However, 

a number of technical advances have demonstrated significant improvements to the 

accuracy of speckle imaging, primarily presented and discussed in Chapters 2 and 3. 

The basic LSCI configuration consists of a laser whose beam is expanded and 

adjusted to illuminate the area of interest (Illustration 2), which can vary from a few 

millimeters to several centimeters. The angle of the incident laser light ranges from near 

normal to oblique, and the wavelength is generally in the red to near infrared where tissue 

scattering dominates absorption. Diode lasers are widely available in this range (600-800 

nm) and are the prevalent illumination sources for LSCI. While different wavelengths 

will lead to slightly different sampling depths, these differences are not large.  Since 

LSCI is based purely on scattering, the wavelength is significantly less important than 

imaging methods reliant on absorption or fluorescence contrast.  More importantly, the 

coherence length of the laser will govern the largest pathlength in the tissue that can 

provide quantitative flow information detected by the camera pixels. This can be 

optimized by selecting lasers with narrow spectral bandwidths relative to their central 

wavelength, denoted generally as single longitudinal mode or narrow linewidth lasers, 

which typically achieve coherence lengths of several meters.  The second main 

component is the camera on which light scattered from the sample is imaged to enable 

recording of the speckle pattern. The specifications of the cameras used for LSCI vary 

widely, but inexpensive cameras have been demonstrated to provide excellent blood flow 

images  and enable detailed physiological studies to be performed  [38,41,45].   

A significant limitation to LSCI is the shallow penetration depth of the images. 

Because of the illumination and detection geometry, detected photons sample only the 

superficial few hundred microns of tissue. Although skin and retinal blood flow 
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monitoring does not require any surgical access [46,47], LSCI is more commonly used in 

applications that require removal or thinning of overlying tissues, such as the skull for 

CBF imaging [38], to obtain optical access to the tissue of interest. 

LSCI has been adopted for imaging blood flow dynamics ranging from functional 

activation  [40,48] to neuro-vascular pathologies [49–51] in the murine brain as well as 

pilot human studies during intra-operative neurosurgery  [52–54].  Beyond CBF 

dynamics, LSCI is finding applications in dermal  [55–57] and retinal  [37,58,59] 

perfusion imaging.  The mesoscopic perspective has been used in providing 

complementary cortical perfusion to guide multiphoton depth-resolved imaging of 

cortical microcirculation as well gauging regional perfusion [60–62] in the rodent cortex, 

which we will similarly utilize to monitor and target occlusions of cortical 

microvasculature. 

1.3b Quantitative Accuracy of Laser Speckle Contrast Imaging 

Although as introduced, speckle contrast values, K(T), are indicative of the level 

of motion in the sample, the single exposure flow estimates have typically been limited to 

qualitative examinations.  The relationship with the underlying blood flow is nonlinear 

and is actively being examined in the field of dynamic light scattering.  Obtaining 

quantitative flow measurements from speckle contrast images first involves accurately 

relating the speckle contrast values to the characteristic autocorrelation decay time of the 

speckles,   . This is a unique process of working with time-integrated speckle images. 

The next step is to relate    to the rate of dynamic light scattering events, which 

quantifies the underlying flow or speed; a common process with all dynamic light 

scattering techniques, including diffuse correlation spectroscopy [63], laser Doppler 

flowmetry and speckle imaging techniques. In the seminal LSCI studies, a simplified 
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model was proposed that related the speckle contrast values to the speckle correlation 

time, τc and speed of the scattering particles [37]. 

Since Fercher and Briers  [37], improved models have been developed to 

decouple the flow contribution from the speckle contrast measurements by extracting the 

characteristic temporal autocorrelation decay time of the speckles from the observed 

speckle visibility [64].  From dynamic light scattering (DLS) theory, the speckle 

autocorrelation time has been posed to be inversely proportional to the speed of the 

scatterers [65] in a single scattering regime and weighted by the number of dynamic 

scattering events under multiple scattering [65–67].  Under the assumption of single 

dynamic scattering, some studies have shown that the inverse correlation times (in 

arbitrary units) computed from several spatial regions  [50] to regions spanning the entire 

FOV  [42] correlate well with CBF (ml/100g/min) in vivo.  

Specifically, the temporal fluctuations of the speckles can be quantified through 

the normalized electric field autocorrelation function: 
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However, speckle imaging techniques involve computation or approximations of the 

intensity (e.g. square law) autocorrelation function, 
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Using the Siegert relation, the field autocorrelation can be related to the intensity 

autocorrelation by, 

g2(τ) = 1 + β|g1(τ)|
2
,     (1.4) 

where β is a normalization factor that accounts for speckle averaging due to the mismatch 

between speckle size and pixel size, as well as polarization effects and the finite 
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coherence of the light source. Particularly, the Siegert relationship highlights that the 

field autocorrelation phase information, encoding the effects of dynamic scattering, is 

retained and passed to the intensity autocorrelation. 

Next, an approximate form of the field autocorrelation function is selected 

assuming either single or multiple scattering by blood cells and the mean-squared 

displacement of those scatterers (i.e. velocity distribution).  Under the assumption of 

single scattering and Lorentzian velocity distribution, the field autocorrelation function 

can be approximated as, 

  ceg
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The speckle correlation time, τc, can now better be interpreted as a estimate of the 

decay time of the field autocorrelation function.  By propagating this form of g1 through 

the Siegert relationship and then taking the second central moment of the intensity 

autocorrelation function, g2, and equating it to the observed spatial speckle variance (K
2
), 

the speckle correlation time can be extracted from: 
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where x = T/τc..  This model [64] and an earlier version [37,68,69], each dependent on 

similar derivational assumptions, have been demonstrated to be fairly accurate in 

predicting relative blood flow changes, spurring adoption by a wide range of blood flow 

imaging applications. 

Under simplifying assumptions from laser Doppler flowmetry [65], the inverse 

correlation time (ICT: c1 ) has been posed to be proportional to the speed of the moving 

particles ( speedc 1 ). Therefore, inverse correlation times in single vessels would 

correspond to the speed of the blood cells.  Depending on the sample optical properties 

and flow conditions this assumption may become inaccurate.  Also, contributions to 
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speckles from parenchyma regions, cannot be decoupled or attributed to single vessels, 

and inverse correlation times can rather be treated merely as a regional perfusion 

index [40,41,70] integrating scattering from a host of unresolvable microvasculature. 

Nonetheless, a number of reports have demonstrated strong correlation between speckle 

based measures of blood flow dynamics and alternative perfusion 

indices [42,43,50,71,72]. 

1.3c In Vivo Determination of partial pressure of oxygen (pO2) 

Absolute determination of dissolved or free oxygen tension can be obtained from oxygen 

sensitive (i.e. Clark-type) electrodes [73,74], phosphorescence quenching oximetry [75–

77] by metalloporphyrins, and electron paramagnetic resonance [78,79], both from intra- 

and extra-vascular compartments.  Clark electrodes can interrogate spaces as small as a 

few microns given electrode sizes, but suffer from being invasive, having a substantial 

tradeoff between SNR and spatial specificity, and ultimately limited to single point 

measurements with catchment volumes depending on probe design  [80].  Also, 

intravascular pO2 levels are often approximated by measurements made in the peri-

vascular space (i.e. outside the vessel lumen).   

Phosphorescence quenching is highly effective for in vivo measurements of pO2 

due to recent advances in both molecular probe design and lifetime imaging, enabling 

multi-point measurements with both intravascular and interstitial probe delivery methods.  

Specifically, dissolved oxygen quenches the phosphorescence of molecules altering their 

excited state lifetimes (Illustration 3).  The pO2 can be quantified from the measured 

lifetime using the Stern-Volmer relationship: 

τo/τ= 1 + kqτo[pO2],     (1.7) 
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where 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 and kinetics 

within its microenvironment (i.e. pH, temperature).  Therefore, absolute oxygen tension 

is obtained from the measured phosphorescent decay times (e.g. excited state lifetimes) 

provided that the quenching constant and unquenched lifetimes are well-characterized for 

the physiological environment. Spectral overlap with other fluorophores and 

chromophores can be overcome provided sufficient contrast in the excited state lifetimes.  

Lifetime measurements are also independent of absolute intensities, and thus are 

decoupled from other endogenous or exogenous chromophores and tissue scattering.   

The phosphorescence lifetimes can be measured in the time domain by exciting 

the probe with a short pulse of light and measuring the resulting exponential decay. In the 

time domain, the lifetime, τ, is determined from the measured phosphorescence decay, 

I(t), to an excitation pulse by fitting I(t) to the following: 

I(t) = α + βexp(-t/τ) (1.8) 

 

 

Illustration 3:  A) Jablonski diagram of phosphorescence quenching.  B) Reduction in 

excited state lifetime due to phosphorescence quenching observed in the 

time domain. 
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In vivo measurements of pO2 using phosphorescence quenching have been 

demonstrated in an array of tissues including the retina, brain, muscle, and 

mesentery [81]. Phosphorescence lifetimes from several oxygen sensitive probes have 

been quantified using both time and frequency domain approaches.  In vivo 

measurements of pO2 have been particularly useful for studying cortical 

oxygenation [82].  Practically, phosphorescence quenching methods are usually from a 

spatial region limited only by the optical excitation volume, enabling detailed pO2 spatial 

mapping with depth-resolved techniques.   Phosphorescence is measured using single 

point detectors, such as photon counting avalanche photodiodes and photomultiplier 

tubes, each with their respective sensitivity, gain, and temporal resolution to resolve the 

phosphorescence decays.  Excitation regimes vary between single and multiphoton 

excitation, the latter of which has been used for three-dimensional interrogation of 

oxygen tension.   

Phosphorescence lifetimes may vary between 10 and 100’s of microseconds and 

can be quantified using both time and frequency domain approaches. We adopt time 

domain measurements to simplify both excitation gating and detection schemes, using 

probes that have been developed specifically for in vivo measurement of plasma 

pO2  [83].   

1.4 INDUCING FLOW CHANGES THROUGH PHOTO-CHEMICAL ACTIVATION 

Photo-thrombosis using triplet state sensitizers have been successfully shown to 

illicit vascular occlusions in a scalable fashion by controlled optical excitation.  Given a 

sufficient degree of localized photoactivation, the sensitizing agent can generate 

sufficient concentrations of singlet oxygen sufficient for triggering the vessel 

endothelium to begin platelet aggregation  [84].  A white thrombus builds and largely 
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remains confined to the vicinity of the laser spot and ultimately can occlude the entire 

vascular lumen.  Rose Bengal has been shown to be an apt photothrombotic agent with 

fast clearing  [61,85] with doses suitable for unimpaired chronic imaging of occluded 

vasculature.  We utilize LSCI to monitor occlusion formation in real-time by observing 

the increase in speckle contrast in targeted surface vasculature relative to baseline and  

neighboring tissue upon photoactivation of  intravenously or intraperitoneally 

administered  Rose Bengal. With two photon linsescans or camera based erythrocyte 

tracking we can further confirm flow alteration. 

1.5 INTEREST IN DISSOLVED OXYGEN TENSION MAPPING OF THE MICROCIRCULATION  

During a stroke, the supply of blood carrying the oxygen is severely reduced or 

completely diminished, resulting in decreased neuronal function and cell death from 

ischemia.  The cerebrovascular architecture employed in the brain highlights regional 

supply routes dominated by specific arterial branches of the carotid artery.   Supply 

routes from the meninges feed the cerebral cortex, where branches of the middle cerebral 

artery (MCA) supply large segments of the gray matter.   Given this vascular anatomy, 

arterioles are critical to supplying the cortical microvascular network  [86], which begin 

as pial arterioles on the surface and then dive into the cortex.  These vessels are 

responsible for oxygenating the cortical layers and predominantly return to surface 

venules that drain through the saggital sinus.   Occlusion of these penetrating arterioles 

results in greater ischemia based on blood flow analysis  [87], compared to clots in large 

pial arterioles or deep micro-vasculature in the rodent brain.  It is these microcirculatory 

units where significant impact of occlusions has shown to cause severe ischemia in the 

cortical layers of gray matter, whereas surface occlusions observe a rapid and substantial 

redistribution of flow  [49,86–88].  These penetrating segments are linked to the neuropil 
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through astrocytic endfeet involved in constricting and dilating the vessels, embedded in 

the peri-vacular compartment and uniquely coupled to the neural environment via 

processes  [89].  Neurovascular coupling is an active area of research in structural 

neurobiology and biochemistry with no prevailing consensus on the exact interlinking 

mechanisms.   

The main payload of this blood supply is oxygen carried by erythrocytes and 

dissociated into plasma.  Beyond flow dynamics, the distribution of dissolved oxygen has 

not been characterized in these descending arterioles after the supply has been cut off.  

The partial pressure of oxygen (pO2) directly reflects the available nutrients for oxidative 

metabolism by the tissue, from the vascular compartment to the neuropil in an absolute 

fashion.  Laser scanning multi-photon microscopy with the ability to make erythrocyte 

velocity measurements  [90] have been useful methods for studying the microvascular 

perfusion in rodents.  In combination with phosphorescent lifetime mapping, multi-

photon imaging offers three dimensional imaging of the microvascular architecture and 

relatively non-invasive measurement of depth-resolved oxygen tension in three 

dimensions.   

The first demonstration of combined multi-photon microscopy and 

phosphorescence oxygen measurements [91] used the molecular sensor Oxyphor R2 to 

report oxygen tension in an arteriole under normoxic and hypoxic conditions.   The use of 

Oxyphor R2, however, suffers from a low two photon absorption cross-section and, more 

importantly, from skewed calibrations at high probe load, which prevent measurements 

of absolute pO2 levels.  More recently, a new platinum-porphyrin based phosphorescent 

oxygen sensor, PtP-C343 [83] has been developed with a much larger two photon cross-

section.   This combined with its phosphorescence efficiency makes PtP-C343 effectively 

brighter, resulting in greater confidence in oxygen measurements from signal gain and 
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subsequent improved localization and sectioning.  This oxygen sensor has shown 

convincing calibration and in vivo reporting with a series of baseline  [92,93] and 

functional activation [82] pO2 measurements in surface vessels, descending arterioles to 

a depth of 250µm, and in tissue.  We further develop and apply this technique for non-

invasive oxygen tension mapping before and after controlled flow alterations in the 

rodent cortical microcirculation in Chapters 4 and 5.  
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Chapter 2: Instrument and Validation of Multi-Exposure Speckle 

Imaging 

A common criticism of the LSCI technique has been the inability to establish a 

quantitative baseline  [42,94].  This has not hindered some studies in showing CBF 

dynamics from collateral flow after occlusion  [49] in a short-term chronic setting, but 

has limited the flow observations to largely qualitative dynamics.   

 The MESI approach is an extension to the traditional theory utilized for 

estimating the electric field autocorrelation times, τc, from the speckle contrast, K(T), and 

accounts for the presence of static scattering. As discussed in Chapter 1, the field and 

intensity autocorrelation functions are related through the Siegert relation (Eqn. 1.4).  A 

modification [67,95] must be employed in the presence of significant non-moving tissue 

components resulting in a relationship of the form:  

g2(τ) = 1 + Aβ|g1(τ)|
2 

+ Bβ|g1(τ)|, (2.1) 

where A=If
 2

/(If+Is)
2
  and B=2IfIs/(If+Is)

2
. fI and sI  are the intensities of dynamically and 

statically scattered light, respectively.  By relating the normalized field autocorrelation 

function (g1) to the normalized intensity autocorrelation function (g2) and accounting for 

the mixing of static and dynamically scattered light a more robust expression of speckle 

variance is obtained, 
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where again 
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 .   is the fraction of light dynamically scattered,  is a normalization 

factor to account for speckle sampling, nev is non-ergodic spatial variance due to spatial 

(e.g. ensemble) sampling of temporal phenomena, and         is exposure independent 

instrument noise  [96].  The MESI speckle visibility expression is an extension of the 

theory begun by Fercher and Briers  [37] and expanded by Bandyopadhyay  [64], but 
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seeks to map the speckle variance to a range of camera exposure durations to achieve a 

more quantitative set of flow metrics.  Particularly, the Multi-Exposure Speckle Imaging 

(MESI) model differs from the traditional formulations by accounting of heterodyne 

mixing of dynamic and static scattering contributions, the inherent non-ergodicity in the 

spatial contrast measurements of temporal fluctuations, and exposure-independent 

noise  [96].   

 

Figure 1. A) Schematic of Combined Multi-Exposure Speckle & RBC Reflectance 

Imaging.  B) Representative single exposure speckle contrast images (15 

exposures total, 8 shown).  C) Speckle contrast (or variance) dependence on 

camera exposure duration. D) MESI Inverse Correlation Time (ICT) image 

of flow computed from 15 exposures.  Darker pixels in ICT are linearly 

representative of increasing flows. Scale bar = 150 µm. 
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The instrumentation for MESI image acquisition, although similar to traditional 

LSCI, requires control over both the camera exposure duration and the laser intensity. 

Typically, a laser diode illuminates the sample while the computer triggers 15 camera 

images spanning 4 decades of exposure while simultaneously adjusting the amplitude of 

the laser light in each exposure through an acousto-optic modulator (AOM) (Figure 1A).  

By holding the total amount of laser light in each image constant, illumination variations 

(e.g. shot noise) do not impact the flow analysis over the multiple exposures.   

The MESI computed speckle autocorrelation times enable mapping of the flow 

dynamics by analyzing the characteristics of the shape of the speckle visibility curve 

(Figure 1C).   In this chapter we will extend this multi-exposure speckle imaging 

approach and establish its ability to measure quantitative baselines in vivo and revisit our 

assumptions in selecting the form of the autocorrelation function through in vivo and 

microfluidic calibrations. 

2.1 ACUTE MIDDLE CEREBRAL ARTERIAL OCCLUSION (MCAO) 

Subsequently, we have observed in vivo (Figure 1) that single exposure LSCI 

measurements underestimate large flow changes, while MESI accurately models the 

essentially binary flow change from an induced MCAo ischemic stroke  [43].  We first 

applied MESI to in vivo imaging in the presence and absence of a thin scull and then 

performed a photothrombotic occlusion of the middle cerebral artery (MCAo) to gauge 

relative blood flow changes from both LSCI and MESI in an acute setting (Figure 2).  

The percent reduction in flow, from the hemispheric stroke was nearly 100% (97% 

craniotomy, 95% thin skull) according to MESI predictions, whereas both a substantial 

under-prediction of the actual flow change and a disparity between thin skull and 

craniotomy estimates were evident in the LSCI flow predictions (Figure 1C). 
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Figure 2.  A) Craniotomy and thin skull with ROI’s selected for correlation time 

computation.  B)  Correlation times from selected regions in A.  C)  Flow 

reduction estimates between multi- and single- exposure speckle contrast 

imaging following stroke.  D)  Pre- and post-stroke speckle contrast images 

(5ms exposure).  E) Relative flow dynamics (i.e. normalized inverse 

correlation times) and corresponding visibility curves.  F) Full field inverse 

correlation time maps obtained using the MESI and LSCI techniques (5ms 

exposure). The boundary between the thin skull and the craniotomy 

indicated by the red arrow is clearly visible in LSCI.  MESI predicts similar 

estimates of blood flow in continuous vessels from craniotomy to thin skull. 

The reliability of perfusion estimates from vessels traversing exposed tissue to thinned 

skull is depicted in Figure 2 in term of inverse correlation times maps.  MESI discerned 

consistent inverse correlation times from single vessels traversing both craniotomy and 

F 

MESI LSCI 
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thin skull with no apparent boundary noticeable in the full field flow map.  This is 

accomplished by accounting for the static scattering contributions in the visibility 

expression.  Therefore, the flow visibility is greatly improved with the MESI technique, 

highlighting a better decoupling of the motion from the speckle contrast analysis by 

accounting for heterodyne mixing of static and dynamically scattered light.  

2.2 RBC TRACKING  

To address flow changes beyond those binary in nature, we employed dynamic 

RBC reflectance tracking  [33,97,98], to provide a calibration procedure for MESI 

computed inverse correlation times (ICT) in a chronic setting.  Paired comparisons are 

limited to resolvable and relatively planar surface microvasculature to facilitate RBC 

tracking.  Following chronic baseline flow assessment, targeted photo-thromboses of 

selected regions were performed to induce flow changes as would be performed in 

studies of targeted functional deficits or to observe controlled vascular remodeling.   

 

Figure 3. A) Representative Inverse Correlation Time image (Scale bar = 150 um). B) 

Green LED Illumination Reflectance Image (left).  Centerline (white, 100 

um) represents region over which RBC tracked. RBC time-course (right) 

corresponding to selected vessel’s centerline. Pixel size in the object = 2.3 

µm (~3 pixels per erythrocyte) C) Extracted mean RBC velocity as a 

function of vessel diameter and classification from RBC tracking. 
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Mouse speckle and reflectance imaging was performed using the same collection 

optics and camera (Figure 3A) but operated at higher frame rates with area of interest 

downsizing for RBC tracking.  Obtained microvascular velocities were in accordance 

with microvascular RBC distributions in the rodent brain reported 

elsewhere  [97,99,100].  The velocity distributions with vessel size (Figure 3C) present a 

wide spread at the most prevalent vessel diameters due to the medial location of the 

craniotomy over arteriole or venule branches of main supply or draining vessels.    

Specifically, a fiber coupled green LED (MSB-RGB, Dicon LED, Richmond, 

CA) illuminated the craniotomy with oblique incidence. Mouse cortical surface was 

imaged using the same collection optics and camera (Figure 1) for speckle imaging but 

operated at 495 frames per second accomplished through ROI downsizing.  Green light 

provides absorption contrast between hemoglobin in RBC’s and blood plasma, which 

enables tracking of RBC movement in space and time (Figure 3B). The area of interest 

camera readout comprised a subframe of approximately 100 x 350 pixels to achieve 495 

frames/sec acquisitions and therefore required multiple regional images to cover the 

entire field of view spanned during speckle imaging.  A centerline section of a selected 

vessel was extracted from a set of repeating green reflectance images to track RBC’s, 

which appear as negative contrast in a space-time composite, akin to a linescan (Figure 

3B).  A moving window and radon transform is used to determine the inclination of the 

streaks in the linescan from which average velocity estimates may be calculated [101] 

provided that the frame rate and spatial lengths are known.  The absolute velocity is 

defined by: 

txVelocity  )cot( , (2.3) 

where x is the pxel size, t is the inverse of the frame rate, and θ is the inclination angle 

of the RBC streaks.   
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Figure 4. A) Raw green LED illuminated RBC tracking time-course (left). Pixel size in 

the object = 2.3 µm (~3 pixels per erythrocyte).  RBC’s are indicated by 

dark pixels (negative contrast) against blood plasma. Variable illumination 

artifact corrected time-course (right). B) Sinogram to identify angle of 

greatest variance in intensity corresponding to inclination of streaks in 

artifact corrected spatio-temporal scan from A. C) Extracted  RBC speed 

distribution from RBC tracking. 

Spatio-temporal sampling of RBCs was optimized to obtain absolute centerline 

velocities (Figure 3C) in selected vasculature with a maximum set uncertainty of ten 

percent in the velocity estimates [33].  The maximum uncertainty, oe , translated to a 

minimum number of spatial and temporal samples defined by: 
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where v  corresponds to the RBC velocity.  Given typical available objective 

magnification of 10X and 4X, Figure 5A defines the theoretical minimum number of 

samples necessary to maintain the 10% uncertainty level for the range of RBC velocities 

expected in the rodent microcirculation and presents the typical observed SNR for the 

reflectance imagery of the green LED illuminated microvasculature (Figure 5B).   
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Figure 5. A) Minimum number of spatial (black curves) and temporal (red curves) 

samples to maintain a 10% uncertainty in velocity estimates from RBC 

Tracking.  Specifications: 8-bit Basler A602f, 495 fps (ROI downsized: 100 

pixels x 500 pixels), 2 msec exposure, 2.13 μm/pixel (2-3 pixel/RBC) with 

10X objective, and 5.80 μm/pixel (~1 pixel/RBC) with 4X Objective. B) 

Typical reflectance SNR with 10X objective for noted range of vessel 

calibers, where            (
 

 
∑

〈 〉 

   

 
   )  

Typically, if fewer spatial samples are taken then higher frame rates are necessary 

to compensate for following erythrocytes over smaller length scales, and vice versa. For 

the 10X objective, a minimum of 100 spatial samples would adequately sample the 

limiting case of peak velocities observable in rodent arterioles.  High frame rates also 

compensated for the degree of spatial sampling (i.e. magnification, pixels per RBC) for 

resolving and robustly imaging erythrocytes.  This sampling was also a result of 

enhancing CNR (contrast to noise) of the illuminated background over the absorbing 

erythrocytes in part dictated by the objective collection efficiency.  
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2.2 QUANTITATIVE BASELINE CBF DYNAMICS 

 

Figure 6.  Chronic baseline imaging of blood flow in six animals. Relative inverse 

correlations times from MESI (black) and LSCI (red) are normalized to the 

first imaging session.  Corresponding relative flow measures from RBC 

tracking (blue) are included to register baseline flow dynamics with both 

speckle techniques.  Error bars represent avg +/- s.d. over 4-6 vessels 

specifically enumerated in Table 1. Asterisk denotes statistically significant 

(*, p<0.05, repeated measures ANOVA) difference between LSCI (5ms) 

and RBC tracking during an imaging session.  

Initially, we compare MESI and LSCI computed inverse correlation times (ICTs) 

from regions of interest spanning the field of view (FOV) with relative changes in flow 

obtained from RBC tracking averaged over the same FOV.  Multiple regions of interest 

were selected from the speckle images.  In order to facilitate paired RBC tracking, cross-

modality comparisons were limited to resolvable vessels with sufficient non-overlapping 

projections in both imaging techniques.    

From the results of chronic baseline imaging of six animals over several imaging 

sessions (Table 1) spanning 6-14 days (Figure 6) significant differences between flow 

measures estimates using LSCI (1 and 5ms exposure duration) and RBC tracking can be 
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seen over time, while flow measures estimated using MESI and RBC tracking maintain 

greater concordance.  The relative flow measures from each technique were obtained by 

normalizing to the first imaging session, akin to typical analyses of relative CBF 

dynamics [36,50] and to provide a normalization factor for comparison between imaging 

modalities.   
Number of Paired Comparisons 

Group Animal Sessions (ROIs) 
Baseline 

Physiology 
 

1 4 (4) 
2 4 (4) 
3 4 (4) 
4 4 (4) 
5 5 (4) 
6 4 (6) 

Occlusion 
Dynamics 

7 7 (5) 
8 6 (5) 

 9 6 (6) 

Table 1. Total number of animals, imaging sessions, and ROIs utilized for cross-modality 

comparison.  Number of Sessions excludes baseline measurements. Percent 

Deviation (% Δ): Number of Comparisons = Number of Sessions x Number 

of ROIs Correlation Coefficient ( ): Number of Comparisons = Number of 

ROIs 

Specifically, the MESI ICTs remain within a 95% confidence interval across all 

ROIs with RBC tracking over the chronic period, while LSCI estimates exceed these 

bounds in nearly all animals (Figure 6).   The error bars represent the standard deviation 

in the flow measures versus baseline over the vessel containing ROIs and were omitted 

from the relative RBC speeds for visual clarity.  The first imaging session for the fifth 

animal (Figure 6) was conducted immediately after cranial window implantation.  The 

large change in flow after the first imaging session in this animal is likely due to the lack 

of a recovery period following surgery, which makes physiological control difficult to 
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sustain.  For this reason, all remaining quantitative baseline data presented follow at least 

one day after surgery, especially for the occlusion studies presented below.    

In summary, the ensemble CBF dynamics presented in Figure 6 suggest greater 

confidence in the changes in correlation times computed using MESI in a chronic setting 

versus from LSCI.  It is likely that illumination and specimen variations over the chronic 

period contributed to the discrepancies in single exposure LSCI flow estimates.  

However, the consistency of the MESI flow measures with RBC tracking necessitated 

further examination and quantification. 

2.2a Summary of Multi and Single Exposure Paired Dynamics 

Average percent deviation (Figure 7) of speckle ICTs from RBC velocity 

dynamics were computed for both the MESI and LSCI (1ms, 5ms and 10ms) techniques 

per each animal.  As in Figure 6, these measurements were normalized to the first 

imaging session.  Again, comparisons were restricted to relative changes from paired 

single vessel containing ROIs over the number of imaging sessions listed in Table 1. The 

average percent deviation metric is indicative of the absolute accuracy of flow estimates 

from each speckle technique when compared to the RBC speed dynamics. On average, all 

animal studies retain deviations at or under 10 ± 3% between MESI ICTs and speeds 

from RBC tracking (Figure 7A).  Baseline physiology Animals 1-4 and 6 showed greater 

accuracy with the MESI technique versus all three LSCI exposures.  Only the 1ms 

exposure LSCI retained comparable deviation with MESI in Animal 5, while MESI 

outperformed the remaining two LSCI single exposures.  Occlusion dynamics’ animals 

(Animals 7-9, Figure 7A) retained lower levels of deviation than all LSCI single 

exposures.  The studies also demonstrate the disparity in accuracy that exists within the 

three single exposure durations commonly selected for LSCI and highlight the 
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physiological variability in the baseline flow distributions with exposure duration 

(Animals 1-6) let alone after induced flow changes (Animals 7-9).  Over all animal 

studies (Table 1), the average LSCI deviations with RBC tracking are 24 ± 10%, 23 ± 

6%, and 24 ± 7% for the 1, 5, and 10ms exposure durations, respectively.  

 

 

Figure 7 A) Percent Deviations and Correlation Coefficients of chronic flow dynamics 

from MESI and LSCI (1, 5, and 10 ms exposures) against RBC speeds 

changes.  Error bars represent avg +/- s.d over number of ROI's and imaging 

sessions stated in Table 1. B) Linear regression of MESI and LSCI (5ms) 

relative ICT predicted dynamics versus relative RBC speed changes 

compiled from all comparison points (n =201) across all animals.   

As a second performance metric, the average correlation coefficients between the 

speeds from RBC tracking and speckle ICTs were computed to examine the 

proportionality and trend over each chronic study (Figure 7A).   On average, the flow 

estimates between RBC tracking and the MESI technique maintained high correlation 

coefficients ( 0.88=r ) across the 9 animals over the chronic period.  Of the LSCI flow 

estimates, the 5ms exposure duration yielded better trends ( 0.65=r ), while the 1ms and 

10ms closely follow with comparable proportionality ( 0.63=r ).  Three of the LSCI 
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studies (Animals 2, 3, and 4) suggest no reliable trend ( 0.50r  ) between the RBC speed 

and computed ICTs, combined with greater variability on an ROI by ROI basis than seen 

with MESI (see errorbars, Figure 7B).  Linear regression over all ROIs and imaging 

sessions (n = 201 evaluation points) measured after the first imaging session from all 

animals (Figure 7B) provides a more holistic comparison between MESI and single-

exposure LSCI flow estimates. Given the slope of the regression curves (a) and goodness 

of fits shown (R
2
), both in terms of their closeness to unity, stronger linearity exists 

between MESI computed relative ICT’s (a=0.90, R
2
=0.88) and RBC speed changes than 

with 5ms exposure LSCI (a=0.65, R
2
=0.50).  Additionally, MESI more closely predicts 

complete flow reductions by a factor of nearly five-fold, particularly important for 

chronic stroke studies, as exhibited by the y-intercept of the regression curves (MESI: 

b=0.05, LSCI: b=0.24). 

2.3 OCCLUSION STUDIES IN DETAIL 

2.3a Chronic CBF Imaging of Sustained Occlusions 

To examine the accuracy of blood flow estimates obtained by the MESI 

technique, we induced a flow change comparable to a localized ischemic infarct spanning 

the size of a functionally relevant region of the mouse cortex (Figure 8).  The first three 

imaging sessions (Days 2-4) comprised the baseline phase, followed by photo-thrombosis 

centered over regions specified in Figure 4a.  Thereafter, four imaging sessions were 

performed for post-occlusion analysis, spanning one full week.  Figures 8B-C highlight 

the post-infarct blood flow dynamics.   

Relative to baseline, the MESI computed ICT images (Figure 8B) depict a greater 

degree of ischemia than predicted by LSCI ICT maps over time.  Estimates of blood flow 

changes obtained with the MESI technique in the occlusion animal retain consistency 
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with those from RBC tracking both during baseline and post-occlusion phases (Figure 

8C).   

 

Figure 8. A) MESI ICT image of baseline flow.  Labeled ROIs correspond to both LSCI 

and MESI computed flow indices averaged in (C). Areas selected for 

targeted photo-thromboses are marked with green circles.  Scale bar = 150 

µm. B) MESI (left column) and 5ms LSCI (right column) ICT image 

sequences after vascular occlusions.  Day 4.5 imaging was conducted 1-2 

hours after photo-thrombosis.  C) Average flow dynamics from MESI and 

LSCI versus RBC tracking in large surface vessel containing regions (ROIs 

1, 2, 3, 5, and 7) are presented.  Additionally, parenchymal flow dynamics 

(ROIs 4, 6, and 8) are shown as well. Data points and error bars represent 

avg +/- s.d. over 5 vessels and 3 parenchyma regions, respectively.   No 

significant (p>0.05, repeated measures ANOVA) difference between 

speckle flow trends and RBC tracking over chronic period. 

For simplicity, detailed LSCI comparisons are limited to the 5ms exposure given 

the lower average deviation and higher correlation observed over all animals (Figure 8B).  

Estimates of blood flow changes obtained using LSCI were found to be deviant from 

RBC tracking estimates by 18% on average.  Specifically, the LSCI estimates from a few 

ROIs had up to a 25% deviation during baseline on Day 3 (see errorbars, Figure 8C), 

followed by a significant under-prediction of the peak flow reduction between Days 7-9 



 35 

(Figure 8C). In actuality, the average flow reduction in the large vessel containing ROIs 

was 90% and likely near 100% in areas without obvious surface vasculature (see 

parenchyma ROIs, Figure 8C).  The expansion of the infarct in the days after photo-

thrombosis can possibly be attributed to a substantial aggregation of thrombi at occlusion 

onset and subsequent clot dispersion, which can generate downstream occlusion and 

stenosis in the microvascular network over time.  However by Day 12, flows in some of 

the selected vessels and underlying parenchyma slightly increase according to MESI, 

LSCI, and RBC tracking predictions (Figure 8C).   

The results between MESI and LSCI (Figure 8) are similar to those measured 

acutely [43], where single exposure flow estimates under-predict the large scale flow 

change from a middle cerebral artery occlusion (MCAo).   Similarly, the flow measures 

averaged over all imaging session and ROIs (Figure 7A, Animal 7) depict lower 

deviation and higher correlations between MESI and RBC tracking than with the LSCI at 

1, 5, and 10ms exposures.  Amongst the single exposure LSCI measures, longer exposure 

durations yield better consistency with RBC tracking, likely due to the near-complete 

flow reduction for the majority of the imaging sessions. The MESI computed inverse 

correlation time maps (Figure 8) present a chronic stream of images where the depicted 

perfusion exhibits the greatest confidence in accuracy and correlation with the actual flow 

dynamics present.  Nonetheless, LSCI after typical frame averaging provided nearly real-

time (10Hz) pre- and post-occlusion perfusion monitoring.  No significant differences in 

the average LSCI flow indices extracted from frames in the MESI acquisition and those 

obtained from continuous single exposure imaging were observed while holding the total 

number of frames constant.  
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2.3b Transient occlusion: remodeling and redundancy 

To examine the accuracy of blood flow estimates obtained by the MESI 

technique, we induced a flow change comparable to a localized ischemic infarct spanning 

the size of a functionally relevant region of the mouse cortex (Figure 9).  The first three 

imaging sessions (Days 2-4) comprised the baseline phase, followed by photo-thrombosis 

centered over regions specified in Figure 9A.  Thereafter, four imaging sessions were 

performed for post-occlusion analysis, spanning one full week.  Figures 9B-C highlight 

the post-infarct blood flow dynamics.  

Single vessel occlusions can also be used to examine the sensitivity and 

specificity of the computed ICTs to varying regional flow changes. In one animal, a 

targeted occlusion (Figure 9) was performed of a branch of the anterior cerebral artery 

(ACA).   Sustained collateral occlusions of two overlapping venules were also induced in 

the process.  Inverse correlation time maps from LSCI and MESI overlay the speckle 

contrast images in Figure 9A to better highlight any regional discrepancy in the observed 

flow dynamics from each technique.  These maps exhibit disparity in both the magnitude 

of the flow reduction and its spatial extent between the two speckle techniques. 

Specifically with flow under 15%, the area typically identified as the ischemic core is 

more readily discernable both in severity and expanse through the MESI predictions 

(Figure 9A, Day 5.5).   

The observation of a residual flow level within 24 hours after occlusion along 

with a reversal in direction is also indicated in Figure 9A (see arrows).  Due to the 

direction and latency of the observed collateral flow (Day 6, Figure 9A), there could be 

anastomoses [49] outside the observable field of view with arteriole branches of the 

MCA or a pure passive reversal of pressure gradients from existing collateral supply 

routes and drainage downstream of the targeted vessel [86].  Perfusion in the parenchyma 
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branches remain reduced relative to baseline compared to large surface vasculature by 

Day 14.  MESI ICT maps also show greater recovery than the LSCI over the remaining 

period as well.  On Day 6 and onwards (see boxed selections, Figure 9A), LSCI flow 

estimates also appear to register an errant 20% residual flow in a region due to a mixture 

of illumination, sample orientation, and static scattering artifacts, while MESI suggests a 

return to baseline levels of perfusion.  By Day 14, flow does not restore in the venules 

that were occluded with the ACA; though recruitment of collateral drainage towards the 

region (see selection, Figure 9A) from the parent venule is now discernable.  Overall, the 

underlying speckle contrast images highlight typical single-exposure LSCI artifacts and 

sensitivity inadequacy to flow distribution changes.  However, the overlying MESI ICT 

maps appear less susceptible to such artifacts and ultimately may be more useful for 

identifying the ischemic core and penumbra accurately over a chronic period.   

To validate the accuracy of the MESI ICT maps in Figure 9A, the relative MESI 

and LSCI inverse correlation times are compared against the relative RBC speeds 

(Figures 9B and C).  The MESI computed ICT’s retained lower average deviation (

5%±15=  ) with RBC tracking and closer correlations ( 0.04±0.90=r ) than the three 

LSCI exposures (Animal 9, Figure 7).  As the targeted occlusion largely affects one of 

the ROIs selected within the FOV, there exists greater spread in flow transients observed 

across the ROIs.   We now examine each ROI independently in Figures 9B and C, where 

the main targeted arteriole is labeled as ROI 2.   
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Figure 9.  A) Speckle contrast image sequence (5ms exposure) of chronic flow dynamics 

with Day 3 as baseline.  Red outline (arteriole branch) of the anterior 

cerebral artery and blue outlines of draining venule. Scale bar = 150 μm.  

Photo-thrombosis site is marked in green.  Day 5.5 is the first imaging 

session after photo-thrombosis.  Regional and magnitude variations between 

5ms exposure LSCI (top row) and MESI flow predictions (bottom row) 

following occlusion are shown in overlay over speckle contrast images. 

Arrows indicate flow direction from RBC tracking.  Flow at 15% of baseline 

is demarcated by black outline on Day 5.5 and selections (white box) on 

Days 6 and 14 depict effect of illumination, sample orientation, and static 

scattering artifacts specifically on LSCI estimates versus MESI. B) MESI 

and LSCI (5ms) flow dynamics ROIs over large microvasculature and C) 

areas without obvious vasculature corresponding to ROI labels in (A).   
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Photo-thrombosis resulted in a transient flow reduction of several ROIs 

immediately after onset of the occlusion.  One day after photo-thrombosis, the occlusion 

was retained only in the targeted vessel (ROI 2 in Figure 9B) and overlapping venules.  

The regional supply arteriole (ROI 1) branch of the ACA suffered only a 55% flow 

reduction, as estimated by RBC tracking.  Both MESI and LSCI computed flow 

decrements immediately after occlusion agree well with RBC tracking.  Additionally, 

ROIs 6 and 7 suggest a 60% flow reduction in the underlying and neighboring 

parenchyma.  However, chronic post-occlusion dynamics predicted by LSCI deviate 

substantially from RBC tracking over the selected ROIs.  Collateral supply to the 

arteriole branch (ROI 4) was observed to restore flow to nearly 44% of baseline coupled 

with a transient blood flow reversal observed by RBC tracking (arrows, Figure 9A).  A 

sustained flow increase in the large neighboring venule (ROI 5) was also observed but is 

likely associated with flow redistributions occurring beyond the FOV. After 1.5 weeks, 

arteriolar RBC speeds returned to 66% of baseline, as predicted by MESI and RBC 

tracking.   

2.3c Ischemic Core and Peri-infarct identification and dynamics 

A larger FOV was utilized to examine penumbral remodeling after a targeted 

occlusion over a branch of the MCA in another animal (Figure 10). The images offer a 

direct comparison between quantitative perfusion images obtained using MESI (Figure 

10A) and green reflectance photography (Figure 10B) of the same region.  Flow trends 

were followed nearly two weeks after occlusion over an expanded FOV (2.5 x 2 mm).  

By Day 13 there is a substantial flow redistribution surrounding a central reduction in 

flow of over 90% (Figure 10A).  
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Figure 10.  A) MESI inverse correlation time (ICT) images of perfusion before and after 

photothromboses.  Arteriole branches of the MCA emerge from the right 

side of the FOV and draining venules to the left of MESI image.  Larger 

FOV (2 x 3 mm) and logarithmic scale is utilized to capture occlusion as 

well as residual flow, redistribution, and remodeling.  Regional outlines 

group flow dynamics with labels of percentage of baseline. B) 

Corresponding green reflectance photography of the cortical surface.  

Labeled ROI's correspond to both single-exposure LSCI and MESI 

computed flow indices averaged in (C). C) Average flow dynamics from 

MESI and LSCI versus RBC speed changes in 6 vessels.  Flow measures are 

normalized to first imaging session.  Asterisk denotes statistically significant 

(*, p<0.05, repeated measures ANOVA) difference in flow predictions 

between LSCI (5ms) and RBC tracking over all imaging sessions. 
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Chronic reflectance photographs (Figure 10B) help discern whether the residual 

and returning flows are within newly formed or shifted and flow-shunted existing 

microvasculature.  Due to post-occlusion stenoses, lumen sizes of large surface 

vasculature are best acquired from ICT images (Figure 10A).  These images reveal the 

true cross-sections of flow versus reflectance photography, which may register trapped 

erythrocytes as part of vessel lumen and obscure moving RBCs as well.  By Day 20, the 

targeted MCA branch does not reperfuse (Figure 10A) and its lumen is no longer 

discernable with entrapped erythrocytes (Figure 10B).  Also, the preponderance of 

redistributed flows in superficial vessels appears reduced by Day 20 (Figure 10A-B) but 

regional perfusion levels increase to nearly 50% of baseline in what was a large section 

of the ischemic core.  This may suggest a more mature vascular remodeling phase where 

flows are distributed through more underlying parenchymal microvasculature.   

RBC tracking was largely restricted to the flows in vessels beyond the ischemic 

core in order to clearly follow the selected vessels over the entire chronic period (Figure 

10B-C).   LSCI ICTs suggest a significantly errant return to baseline levels in the selected 

ROIs by Day 20, along with significant baseline inaccuracies (Day 9, Figure 10C).  On 

average, MESI estimates registered a nearly three-fold lower percent deviation from RBC 

tracking ( 5%±10=  ) and higher correlations ( 0.09±0.94=r ) than each of the three 

LSCI single-exposures (Animal 9, Figure 7).   

2.4 MESI AS A TOOL FOR CHRONIC CBF IMAGING 

The chronic studies (Figure 7) consistently demonstrated lower percent deviations 

between RBC speed dynamics and the inverse correlation times computed using the 

MESI technique than those from the three common single exposures typically utilized for 

LSCI.  Additionally, the paired ROIs over all animals yielded consistently higher 
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correlation between RBC tracking and MESI.  Within single exposures alone, some LSCI 

camera exposure durations (Figure 7) better mirror the RBC flows than others due to 

better sampling of the inherent velocity distributions.  However, the variability among 

animals as well as between imaging sessions and ROIs would suggest that no optimal 

choice of single exposure duration exists to accurately map blood flow in all vessels, let 

alone after an induced flow change (Figures 8-10).    

We have previously shown that MESI’s quantitative accuracy and sensitivity are 

fairly robust over a large flow range [43,96].  The MESI model includes three decades of 

exposures including a decade longer than the single-exposures selected for the current 

comparison.  Longer exposures individually may be better for single-exposure imaging 

during prolonged periods of flow reduction. However, most longitudinal imaging studies 

will need to sample flow dynamics not only in the ischemic core but surrounding 

penumbra that include regions where flow may be shunted or redistributed and therefore 

necessitate the inclusion of shorter exposures.  The ability to quantify varying regional 

flow dynamics accurately is one of the primary motivations for the multi-exposure 

implementation. 

LSCI analysis is likely also affected by variations in the illumination over the 

field of view, the proportion of dynamic scattering, and instrument noise over the 

imaging sessions.    The MESI speckle visibility expression (Equation 2) attempts to 

account for these factors by mapping the dependence of the speckle contrast on the 

exposure duration while accounting for the mixing of static and dynamic scattering, 

exposure-independent noise, and the non-ergodic nature of spatial contrast analysis of a 

temporal phenomenon (e.g. CBF).  When baseline flow levels were relatively consistent 

(Figure 6), the sessions during which LSCI predictions significantly deviated from RBC 

tracking could be attributed to the variability in the orientation of the brain relative to the 
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collection optics, inter-session illumination variations, such as specular reflections, as 

well as an increase in dura mater or peripheral skull growth which would alter the static 

and dynamic scattering contributions in those regions.  These factors contribute to the 

imaged speckles and further confound the flow contribution to the speckle contrast at the 

single exposures.   

Studies using temporal processing of LSCI images
43,44 

have shown improved flow 

sensitivity in the presence of static scatterers, such as skull.  While these studies may 

appear to improve flow visibility, they have two significant limitations affecting flow 

quantification. One, temporally processed LSCI only partially addresses the problem of 

static scattering by only accounting for the non-ergodic variance in Eqn. 2, neglecting 

heterodyne mixing of static and dynamically scattered light, and two, the estimated blood 

flow measures are not more quantitative than spatially processed LSCI, as exhibited by 

the use of hybrid implementations [102]. Spatial analysis with heterodyne mixing 

models, such as MESI, allows for a more proper separation of statically and dynamically 

scattered light while better sampling the flow distributions by collecting significantly 

more information about the speckle decorrelation. This yields more quantitative estimates 

of blood flow consistently throughout the image. Additionally, the current MESI 

implementation with 15 exposures is over-determined (Eqn. 2), and an analysis of which 

and how few exposures are necessary will improve the technique’s temporal resolution.   

Ultimately, the chronic accuracy of the relative flow changes from speckle 

imaging was better attained by MESI’s under 15% deviation with RBC tracking 

compared to under 40% for single exposure LSCI (Figure 7A-B, n = 9 animals, n = 201 

evaluation points).  These bounds register the degree of confidence in the two speckle 

techniques to establish a quantitative baseline and therefore the ability to examine flow 

changes chronically.  Particularly, these results suggest some potential for calibration 
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within a single animal’s cortical circulation to actual flows given the strong 

proportionality observed with the MESI technique.   

Some error between RBC tracking and the speckle imaging (MESI and LSCI) can 

be attributed to experiment protocol.  Speckle imaging acquisition lasted five minutes as 

mentioned earlier.  RBC tracking was performed immediately thereafter, as the same 

camera was utilized for both imaging modalities.  Slight excursions in animal heart rate 

of 20-30 bpm out of 400-500 bpm, typical under inhalation anesthesia, were tolerated 

between speckle imaging and RBC tracking.  These variations may alter the cardiac 

output, and subsequently CBF, consistency between the sequential imaging acquisitions 

on each day by approximately 5%, assuming other rheological factors remain constant.     

2.4a Dynamic Contrast: Scattering versus Absorption 

RBC reflectance imaging relies on intrinsic absorption contrast of the RBCs with 

blood plasma (Figure 6B), while the speckle techniques utilize dynamic scattering 

contrast.   The interrogating wavelengths centered approximately at 520 nm for RBC 

tracking are selected within the range of hemoglobin absorption, whereas the 660 nm 

wavelength utilized for speckle imaging was selected beyond the main hemoglobin 

absorption range to maximize contrast contributions from scattering alone.  

Though RBC tracking provides absolute velocities, there are notable constraints 

with (1) camera frame rate requirements, (2) limitations in magnification and field-of-

view, and (3) observations of resolvable vasculature.   If these constraints are not adhered 

to correctly, velocity magnitudes can be significantly under-estimated [33].  The MESI 

technique provides an adequate level of accuracy with the ability to also obtain regional 

perfusion information from unresolvable microvasculature within the parenchyma with 

fewer instrumentation constraints and tradeoffs, exhibited by the full FOV acquisitions.  
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Some animal studies were excluded from this presentation due to the lack of sufficient 

absorption contrast for RBC tracking from blood clots and hemorrhagic staining of the 

dural surface, even though the cranial windows retained sufficient dynamic scattering 

contrast for speckle imaging of the cortex.  Increasing durations of chronic study may 

exacerbate this issue.  Nonetheless, RBC reflectance tracking, if performed with 

sufficient spatio-temporal sampling and contrast, can register flow direction, thereby 

providing complementary information to speckle imaging when needed.     

2.4b Chronic Imaging Perspectives 

The blood flow measurements in the form of inverse correlation time maps 

obtained using the MESI technique are capable of highlighting regional perfusion 

boundaries within and surrounding ischemic infarcts.  The MESI computed flow measure 

can go beyond qualitative observations of vascular remodeling by providing a reliable 

spatial perfusion index to examine and help characterize patho-physiology.  We assessed 

the CBF dynamics due to induced vascular occlusions in animals to determine the extent 

of the infarct, changes in flow distribution, and turnover of vasculature relative to an 

accurately estimated physiological baseline. This comparison is now possible because of 

the increased quantitative accuracy of the MESI technique.  Beyond observing baseline 

flows, the ability to quantitatively characterize post-occlusion CBF dynamics via intrinsic 

optical flow-measurements in a chronic setting provides a platform for assessing the 

efficacy of therapies aimed at flow restoration.  The potential for examining the degree 

and latency of angiogenesis, collateral flow, vascular redundancy, and regional tissue 

perfusion from a scalable imaging technique allows MESI to be an apt tool for studying 

these dynamics and their possible roles in stroke recovery as well. 
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2.5 OPTIMIZATION OF CAMERA EXPOSURE DURATION FOR MESI  

Previously, speckle contrast imaging at multiple exposure durations has been 

shown to improve the quantitative accuracy of flow dynamics in calibrated microfluidic 

phantoms  [96] as well as in vivo in both acute  [43] and chronic studies [72] as presented 

in the previous sections.  As a percent of baseline, the in vivo accuracy of the technique 

was found to be approximately 10±3% deviant with the actual flow dynamics recorded 

by complementary techniques in single vessels over a wide range of flows [72], including 

no flow.  The confidence in flow measurements from regions largely sampling single 

vessels was extended to parenchymal regions as well, which spatially integrate perfusion 

from a host of unresolvable microvasculature.  Particularly, the use of multiple camera 

exposures spanning nearly three decades of duration has enabled better sampling and 

mapping of the flow distributions in the specimen.  Therefore, MESI is quickly being 

recognized as a substantial and necessary step in the progression of laser speckle 

flowmetry [103–107].  Table 2 lists the range and number of exposures commonly 

utilized in various implementations of multi-exposure speckle imaging, with the system 

configuration presented herein being the most expansive in both range and number.   

 
Exposure  

range (msec) 
Number of 
exposures 

 
Reference 

0.05 – 80 15  [43,72,96] 

0.05 – 30 11  [104] 

0.5 – 80 10  [107] 

1 – 100 7  [103] 

1 – 10 10  [108] 

Table 2. Camera exposure ranges adopted for MESI by various studies, applications, and 

validations. 

In this section, the optimization of which and how many camera exposures 

necessary for quantitative speckle flowmetry is driven by the need for imaging flow 
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dynamics over scalable fields-of-view at the level of the microcirculation with sufficient 

spatial and temporal resolution. Previously, an optimization has been performed for 

selecting a single camera exposure for fixed exposure LSCI, but confined sensitivity to a 

smaller range of flow distributions, such as average resting and functional flow 

dynamics  [109], than those encompassed by the in vivo data utilized in this paper.  A key 

conclusion from validation studies of speckle flowmetry is that no single exposure has 

optimal sensitivity for the range of flows observable in vivo [72].  Hence, multiple 

exposures are inherently necessary.  By identifying the optimal exposures from the 

current implementation, reductions in both acquisition and processing times can be 

garnered towards a faster flow imaging system.  An optimization process is now posed 

and utilized from which exposures are systematically analyzed for inclusion or exclusion 

in arriving at the critical exposures for performing MESI.  

2.5a Optimization Process 

In order to determine the optimal set of exposures for performing Multi-Exposure 

Speckle Imaging, an algorithm was devised (Figure 11) that systematically finds the 

minimum combination of exposures that provide comparable accuracy to the flow 

estimates obtained from the original 15 exposures.  Accuracy here is defined by the 

uncertainty already established for the system, which has previously been evaluated to be 

at most 10±3% from normalized flow dynamics across 9 animals imaged 

chronically [72]. Controlled microfluidic   [96] and some acute imaging validations [43] 

have also suggested comparable or better accuracy. The optimization algorithm follows a 

Leave-One-Out (LOO) process, where flow estimates derived from all 15 exposures 

(Eqn. 2) are considered as the gold standard.  Sequentially, a single exposure is removed 

and new MESI flow estimates (Eqn. 2) are obtained from the remaining camera 
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exposures resulting in n-choose-k subsets, where k=n-1 for each iteration. The speckle 

flow measures from the subsets of exposure are evaluated for deviation with those 

derived using the full set of 15.  The exposure subset that results in the least deviation is 

retained and the process is rerun to identify the next smaller exposure set (Figure 11).   

 

 

Figure 11. Exposure reduction optimization protocol is shown.  Data taken with the full 

set of exposures is mined to find the minimum number and specific 

exposures necessary for obtaining quantitative microvascular flow mapping 

with Multi-Exposure Speckle Imaging.   

     For example, in the initial iteration, 15 subsets are evaluated each containing 

14 total exposures, each missing a different camera exposure.   The average percent 

deviation (%Δ) between the flow related parameter, namely speckle correlation times τc, 

is calculated between each subset and the full set. The subset with the least deviation with 

the full set is retained, provided that the average %Δ over all measurements in any given 

animal remains under the pre-established accuracy of 10%. The new subset is again put 

through the LOO process. Iteratively, the algorithm processes every new subset in this 

fashion.  This process of attrition mines the empirical data in search of the minimum 
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number and optimal combination of exposures from the original 15 that can be used in 

the design and performance of quantitative microcirculation studies with MESI.  

Theoretically, a minimum combination of five exposures may be obtained, equal to the 

number of fitting parameters in the MESI speckle visibility expression (Eqn. 2) for full 

determination. 

In vivo MESI data was obtained from the chronic validation study [72] of the 

mouse cortical microcirculation in the previous sections with reported RBC flows 

ranging from effectively zero, practically on the order of picoliters per minute (speckle 

1/τc ~  10
1
 sec

-1
),  to nearly 10 µL/min (speckle 1/τc ~ 10

4
 sec

-1
).  From the 9 mice, a total 

of n = 314 regions of interest were analyzed using the LOO process, predominantly from 

single microvessels (nv = 243) than parenchymal regions (np = 71).  Single vessel RBC 

flows were determined by intrinsic green light illuminated RBC tracking as described in 

Section 2.2.  Although RBC tracking provides an absolute flow calibration for the surface 

microcirculation, relative dynamics were used to facilitate cross-modality comparisons 

with the more spatially integrated speckle perfusion estimates [72]. This integration 

enables parenchymal perfusion measurements as well, which are included in the 

optimization process. Contributions to speckles from parenchyma regions cannot be 

decoupled and attributed to single vessels, and inverse correlation times can rather be 

treated as a regional perfusion index [40,41,70] integrating scattering from unresolvable 

depth-distributed microvasculature.   

2.5b Sensitivity and camera exposure duration 

The speckle contrast dependence on exposure duration is depicted in the single 

exposure, K(T), images in Fig. 12A and the speckle variance, K
2
(T), curves in Fig. 12B. 

The curves sample the large range of flows observable in vivo and specifically 
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correspond to vascular flows from three animals.  Each curve is a result of a different 

flow rate, highlighting that the shape of the relationship is indicative of the flow 

magnitude in the region sampled.  

 

 

Figure 12. A) Speckle contrast (K) images at each of the 15 exposure durations (T).  B) 

Speckle variance curves, K
2
(T), from mouse cortical microvasculature as a 

function of exposure duration. Curves were collected from chronic MESI 

imaging of mice under baseline, occlusion, and vascular remodeling phases.   

Particularly, the speckle variance curves of faster flows decay more quickly with 

exposure duration (Fig. 12, red curve), while medium flows accentuate the sigmoidal 

relationship over the exposure range selected.  Low to zero flow regions (Fig. 12, blue 

curve), such as from occluded vessels, typically decay over a decade longer.  The speckle 

contrast sensitivity to the flows, in terms of inverse correlation times, can be theoretically 

expressed through the following absolute, Sa, and relative, Sr, formulations: 
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Absolute sensitivity is maximized when the camera exposure duration matches 

the speckle correlation time (Figure 13A).  As the fraction of dynamically scattered light 

(ρ) increases, the sensitivity also increases expectedly, as more motion related 

contributions begin to comprise the observed speckle contrast.  Correspondingly, the 

relative sensitivity (Figure 13B) also improves with larger fractions of dynamic 

scattering.  However, the relative sensitivity maximizes when the exposure duration is at 

least twice the correlation time, highlighting the level of time-integration needed for 

sensitivity to relative flow dynamics centered about any individual flow.  This factor 

increases by nearly 5 fold as ρ drops to 0.25 highlighting that longer exposures are 

necessary for improved relative flow sensitivity as the dynamic scattering contributions 

to the observes speckle contrast reduce. 
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Figure 13. Speckle contrast sensitivities (in arbitrary units) to A) absolute and B) relative 

blood flows, as a function of the ratio of camera exposure duration to 

speckle autocorrelation time for three different fractions of dynamically 

scattered light, ρ.  Alternatively, C) absolute and D) relative speckle flow 

sensitivities at specific exposure durations over 5 orders of inverse 

correlation times for a typical ρ of 0.9.  Individual curves correspond to 

theoretical formulations in Eqns. 2 and 3, covering the full set of 15 camera 

exposures, T. 

Examining these relationships over individual exposures (Figure 13C), commonly 

used for MESI at a typical ρ of 0.9, demonstrates that absolute sensitivities 1) generally 

decrease monotonically with increasing flow at any fixed exposure and 2) can be 

improved for increasing flows by lowering the exposure duration and vice versa.  

Additionally, there are transition flows between ICTs of 10
2
 to 10

5
 sec

-1
 over which 

individual camera exposures may have comparable absolute sensitivity.  Particularly, the 

empirical flow measurements used in this study also fall within this range, suggesting 

potential for optimization. Relative sensitivities (Figure 13D) highlight the ability to 

accentuate the magnitude of flow changes at any given exposure with the maximum 



 53 

change in the normalized speckle contrast being at best close to half of the flow change, 

depending on ρ.  The longest exposures better discriminate flow dynamics over the full 

range of inverse correlation times (e.g. flows) selected.  

2.5c Exposure Optimization Output 

From the LOO process over the flow validated MESI measurements, the deviation 

in the calculated correlation times from the exposure subsets containing 7, 6, and 5 

exposures, respectively, with the original 15 are shown in Figure 14.  

 

 

Figure 14. Absolute percent differences in the optimal subset computed correlation times 

and those from the full set of 15 exposures, as modeled by Equation 2. 

Differences from the last three exposure sets of the optimization loop are 

displayed per animal. The 10% cutoff is accentuated to evaluate which sets 

meet the pre-established uncertainty criterion. Animals 1-5 comprise 

baseline flows imaged chronically and Animals 6-9 sample substantial 

periods of flow reductions and related transients. Avg. +/- std. dev. across ≥ 

30 vascular and parenchymal regional measurements are shown for each 

animal.  Exposures comprising each subset are listed for comparison (right 

column) beginning with the Set of 5 in black.  
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Over all animals, both the 7 and 6 exposure subsets remain within the pre-

established uncertainty levels of 10%, while the 5 exposure subset deviates substantially, 

particularly for the occlusion animals. Therefore, we retain the 6 exposure subset as the 

final set of the optimization process. The greater variability in the deviations observed in 

occlusion animals can be attributed to effects of the exposure selection on the widely 

disparate flow distributions ranging from baseline to residual, shunted, and reperfused 

flows and their transients from induced flow alterations. These flows resulted in 

correlation times spanning nearly three decades, while baseline measurements 

predominantly remained under a single decade per animal.   

The selection process for the removal of an exposure is examined in detail in 

Figure 15.  Beginning with the optimal 6 exposure set (TSet6), the deviations resulting 

from the removal of an exposure are calculated for each animal.  The exposure removal 

having the least impact on the calculated correlation times versus the full exposure set is 

identified, which in this iteration is the TSet6[5] = 25 msec exposure.   Conversely, the 

greatest impact results from removal of the first exposure (TSet6[1] = 0.05 msec) with 

average deviations over 50%, and then followed more distally by the third (TSet6[3] =0.75 

msec, %Δ ~16%) and last (TSet6[6] = 80 msec, %Δ ~15%) exposures.  The 0.25, 5, or 80 

msec (TSet6[2/4/6]) exposure could have alternatively been removed for baseline animals 

alone, given the low subgroup deviation (%Δb <10%) on average for each subset. 
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Figure 15. Absolute percent difference in computed correlation times for each subset of 5 

exposures and those from the full exposure set. Each subset is identified by 

the exposure removed.  Removal of the 25 msec exposure resulted in the 

overall lowest deviation across all animals (baseline and occlusion); though 

omission of the 0.25, 5, or 80 msec exposures also resulted in comparably 

deviant exposure subsets for animals in the baseline dynamics group 

(Animals 1-5).  Avg. ± std. dev. across at least 30 measurements are shown 

from each animal.  

The correlation times derived from the final set of 6 exposures (n = 314 

measurements) are regressed with those obtained from all 15 exposures in Figure 16.  

The coefficients of a linear model,
11xy O   , demonstrate a strong one-to-one 

correspondence given a β1 value of 1.05 (p=0), ideally close to unity, and βo on the order 

of 10
-2

 msec, which is statistically zero (p>0.90).    
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Figure 16. Speckle correlation times obtained with the optimized 6 exposure set regressed 

with correlation times derived from all 15 original exposures.  Speckle 

correlation times, when expressed inversely, correlate as a flow measure.  

Coefficients of the regression depict the degree of one-to-one 

correspondence between correlation times computed from the subset of 6 

exposures and the full exposure set over a large range of flows.  

The similarity that persists after the reduction to the optimized set of 6 exposures 

is depicted further in Figure 17B. Upon cursory examination, the temporal spacing of the 

camera exposures captures the inflection points in the speckle visibility curves while also 

retaining the full dynamic range of the measured speckle contrast by retaining the first 

and last exposures, 0.050 and 80 msec, respectively.  Visibility curves will span this 

range corresponding to the various perfusion levels and will be reliant on accurate 

rendering of the contrast relationship with exposure duration.  No two sequential images 

in Figure 17A were retained after optimization from the original set of 15, highlighting 

the removal of redundant camera exposures with similar local contrast values, as 

examined over all animals and their flow distributions. 
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Figure 17. A) Speckle contrast (K) images at each exposure from the optimal set of 6 

exposure durations (TSet6). Excluded exposures are listed in lighter shade.  

B) Speckle variance curves, K
2
(TSet6), from microvasculature as a function 

of the optimized set of exposure durations.   

The reduced exposure visibility curves are similar not only in the estimates of the 

speckle correlation times, τc, and but also in the fraction of light dynamically scattered, ρ; 

both of which constitute parameters relevant to the specimen physiology. Variations in 

the instrumentation dependent parameters, β and ν, are also listed for completeness (see 

lighter shaded values, Figure 17B) over the selected measurements. 

 

 

# of 

Exposures 

Percent  

Deviation 

(%) 

Comp. Time 

Reduction 

(%) 

_ x Orig. 

Acq. Rate 

7 3.7 ± 2.9 26 ± 2.3% 2.0 

6 4.2 ± 3.5 28 ± 3.7% 2.2 

5 9.1 ± 5.0 23 ± 3.2% 2.7 

Table 3. Camera Exposure Subset and Average Computational Time Reduction 
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The computational times exhibit a substantial reduction of over 20% beginning 

with the optimal subset of 9.  Thereafter, smaller decrements in the computational 

complexity are observed until the best subset of 6.  However, at the lowest level of 

determination (exposure set of 5), the number of function evaluations needed for fitting 

algorithm convergence began to increase for some measurements and thereby increased 

the computational time from the reduced levels observed in some of the larger subsets.  

Finally, the acquisition rate increments are substantial upon removal of the relatively 

longer exposure durations.  By the exposure set of 7, the acquisition speed doubles from 

that of the original set of 15.   

2.5d Evaluation of optimization 

By removing superfluous exposures the redundancy in the current MESI 

instrument can be reduced while keeping accuracy with the prevailing system 

configuration and its validation.  The theoretical minimum number of five exposures was 

untenable given the constraints on the maximum uncertainty with the original computed 

correlation times.  This is likely due a substantial volume of measurements from the 

extrema of flows observed in vivo from fast arteriole flow to large flow reductions from 

vascular occlusions and post-mortem imaging.  The marked differences in the speckle 

contrast dependence on camera exposure duration (see curves in Figures 12 and 17) from 

these flow conditions resulted in the selection of 6 optimal exposures from the original 

15.  Within the optimal set, the 5 millisecond exposure was also preserved by the 

optimization process, which has previously been demonstrated to be optimal for single 

exposure LSCI of functional cortical flows in rodents [109].   However, the 0.05 

millisecond exposure proved to be the most critical for nearly all animals. 
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Figure 18. A) Absolute, Sa, and B) relative, Sr, speckle contrast sensitivities in arbitrary 

units to blood flows and flow dynamics, respectively over a wide range of 

inverse correlation times encompassing flows observed in vivo.  Individual 

curves correspond to theoretical formulations in Eqns. 2 and 3, at the 

individual optimized camera exposures, T, for a typical ρ of 0.9. The 

removed exposure durations are listed in lighter shade for comparison.  

For vascular to parenchymal flows, longer or shorter exposures may be excluded 

for obtaining quantitative flow dynamics in each classification of microvasculature (i.e. 

arteriole, venule, and capillary/parenchymal).  However, perfusion levels may vary in 

vivo due to a number of reasons including physiological variations, both healthy and 

pathological, as well as from experiment design, anesthesia, and between animals.  

Therefore, in a full field imaging paradigm the inclusion of all 6 exposures enables 

sampling of the microvascular flows robustly while maintaining a stable level of 

uncertainty in the predicted flow dynamics throughout the field of view. Alternatively, by 

examining the empirical representation (Figures 16 and 17) of the optimized exposures 

and the spacing of their theoretical sensitivities (Figure 18), the reduced exposure set 

appears sufficient in capturing the inflections of the visibility curves and is well-spaced 

over the theoretical range of observable inverse correlation times.   
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2.5e Implications of optimization 

The exposure optimization confers advantages on both the acquisition and 

processing ends of the Multi-Exposure Speckle Imaging system.  First, lowering the 

number of images needed for quantitative flowmetry improves overall acquisition times 

by reducing throughput.  Frame readout time for the Firewire protocol CCD camera used 

in this study is approximately 7.5 milliseconds.  The traditional MESI acquisition of 15 

exposures is made in approximately 335 milliseconds, which is the sum of all 15 

exposure durations and the readout time for each image.  The new optimized exposure set 

requires 156 milliseconds for acquisition.  Alternatively stated, the optimized full frame 

acquisition rate is at least 6 MESI measurements per second, twice that achievable with 

the original 15 exposures.  Functional flow dynamics that occur over a period of seconds, 

including hyperemia and vasomotion, would be particularly well sampled and spatio-

temporally mapped.  These faster rates are also sufficient for temporally sampling 

pulsation dynamics in humans even under tachycardic conditions.   For imaging baseline 

pulsation dynamics in rodents (6-10 Hz), a subset of 5 exposures may be utilized that 

tolerably omits the longest exposure of 80 msec (Figures 14 and 15), resulting in 

approximately 15 MESI measurements per second. These faster rates also enable better 

temporal averaging of any remnant noise.  As faster transfer protocols (i.e. Gigabit 

Ethernet and USB 3.0) facilitate lower camera readout times, MESI acquisition rates with 

the optimized exposure set may be commensurately improved.  Notably the speeds 

achievable are not limited by the bandwidth for illumination modulation, which is 

facilitated by using an acoustic optic modulator. On the processing end, fewer images 

improves overall computational times regardless of the processing power available. The 

combined processing and data loading times for a typical region of interest reduce by 

28% on average by using the optimized subset of 6 exposures. However, the 



 61 

computational complexity (Table 3) with the subset of 7 also closely trails and doesn’t 

confer much of an acquisition rate difference either with the subset of 6.  However, the 

best subset of 7 comes at the cost of 17% more data storage, which may be a substantial 

factor over long acquisitions.  Percentages are reported as actual computational times will 

be dependent on the available processing and/or parallel computing power.   

2.5f Perspectives on generalized exposure selection and optimization 

Overall, the optimal set of 6 exposures comprise those presented in Figure 17 

given by the lowest  computational complexity while retaining an approximate deviation 

of 4.2± 3.5% with the flow indices computed from all 15 exposures, which also more 

than doubles the measurement acquisition rate [110].  These exposures are relevant for 

flow dynamics within the microcirculation, typically for vessels under 0.2 mm in 

diameter in rodents.  These bounds on the vessel caliber and the corresponding flows are 

tailored to the camera exposures and have been validated with calibrated flow 

measurements in vitro and in vivo.  Provided that studies employing MESI are framed 

within similar specifications, the level of confidence established for the perfusion 

dynamics should be retained.  However if the tolerable uncertainty levels with calibrated 

flow measures is exceeded, as may be likely for human microcirculatory flows, an 

extension of the exposure range may be warranted by including appropriately shorter or 

longer exposures guided by the theoretical sensitivities. If a smaller flow range is 

prevalent, such as for baseline flows, a further reduction in the number and expanse of 

exposures may be possible. Therefore, the process presented in this paper can be used for 

optimizing the exposure sets after adaptation and/or extension to various perfusion levels. 
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Chapter 3: Revision and Evaluation of Speckle Imagery based 

Flowmetry   

As surface microvessel calibers are predominantly greater than the scattering 

mean free paths in the intravascular compartment, photon paths traversing superficial 

vessels may encounter multiple moving particles before collection and imaging at their 

respective camera pixels.   Vessels of varying sizes would represent disparate degrees of 

dynamic scattering and therefore may provide misleading estimates of flow, both 

absolute and relative, if not correctly estimated.   We evaluate these effects using Multi-

Exposure Speckle Imaging (MESI) of flows in microfluidic channels of varying sizes.  

We revisit the assumptions in the underlying autocorrelation function used for deriving 

the visibility expressions relating speckle contrast to exposure duration in order to better 

extract an estimate of the speckle decorrelation times proportional to particle velocities 

while estimating the degree of multiple scattering.  Finally, we evaluate the effect of 

these flow estimates garnered from regions of interests spanning single superficial 

microvessels in n=13 mice with the actual RBC speeds obtained from high speed 

reflectance imagery. 

3.1 SPECKLE FLOWMETRY ESTIMATES OF PHYSICAL FLOW INDICES.   

Go with what “Flow”? 

?
11

Flow
or

vrbc

c   

From dynamic light scattering (DLS) theory, the speckle autocorrelation time has 

been posed to be inversely proportional to the speed of the scatterers in a single scattering 

regime  [65]  and weighted by the number of dynamic scattering events under multiple 

scattering  [66,67].  However, using single dynamic scattering assumptions in their 

speckle models, LSCI studies have shown that the inverse correlation times (in arbitrary 
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units) computed from several spatial regions  [50] to regions spanning the entire 

FOV  [42] correlate well with CBF (ml/100g/min) rather than speed.  The correlation 

with CBF or alternatively volumetric flux suggests effects of multiple dynamic scattering.  

Therefore, the observed in vivo discrepancy with speed must be addressed given the 

assumptions in the derivation of the prevailing speckle visibility expressions being 

utilized.  

Under the single dynamic scattering assumption, retaining ICT proportionality 

with particle speed, speed
c




1 , would likely limit the strength of the relationship in 

vivo to isolated single capillaries where one RBC fills the entire lumen.  In diffuse 

imaging of tissue under wide-field laser illumination, spatial integration is determined by 

the detection optics, illumination, as well as the scattering properties of the tissue 

components (intra- and extra-vascular) at the interrogating wavelength.  These factors 

determine the degree of multiple dynamic scattering encountered.   

3.1a Scattering regime, Monte Carlo simulation 

Square microfluidic channels of three sizes were fabricated and therefore are the 

geometry utilized for the photon migratory modeling (3D Monte Carlo simulations).  

Predictions on the number of scattering events in the microchannels with widefield 

illumination followed by camera detection with a 10x (0.25NA) and a 5x (0.12 NA) 

objective are shown for an interrogating wavelength of 660nm (Figure 19A).   The 

reduced scattering coefficient is approximated to that of whole blood.  As the channel 

size increases the observed number of dynamic (intra-channel) scattering events 

correspondingly increase.  Particularly, this increase appears directly proportional to the 

single dimension channel cross-section (i.e. channel caliber). 
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Figure 19.  Monte Carlo simulation of scattering within microfluidic flow channels of 

three sizes assuming a camera pixel imaging geometry with widefield 

illumination.  A) Probability of encountering n-number (horizontal axis) of 

dynamic scattering events in square channel sizes of 65, 115, and 175 µm.  

B) Average number of dynamic scattering events given optical collection 

numerical apertures (NA) of 0.25 (2.3 µm/pixel, 10X objective) and 0.12 

(4.1 µm/pixel, 5X objective) used in this study and varying microsphere 

scattering coefficients (particle dilutions, Mie theory).   

Additionally, as the reduced scattering coefficient in the channel increases, the 

number of scattering events encountered in the photon migration simulation increase 

expectedly as well, though the scale of the relative scattering increment mirrors the ratios 

of the scattering properties better for the larger channels when observed on average 

(Figure 19B).  This may be due to collection effects and the specified detector size 

resulting in less proportional integration from the smaller channels relative to 

surrounding PDMS in the simulated imaging geometry. Nonetheless, the number of 

scattering events continues to directly scale with the one-dimensional channel caliber 

over any given reduced scattering coefficient.   Ultimately, the simulated photon 

pathlengths and trajectories traversing the microchannel geometries suggest that remitted 



 65 

photons from the observation point of the imaging detector are ultimately i) undergoing 

multiple scattering and ii) in single vessels scattering will scale by the channel caliber 

(Figures 19-20). While the former is governed by the scattering properties relative to the 

channel size, the latter is likely attributable to the high anisotropy at the interrogating 

wavelength.  

 

Figure 20.  Relative dynamic scattering within microfluidic flow channel Monte Carlo 

simulations of three feature sizes assuming a camera pixel imaging 

geometry with widefield illumination versus the relative channel sizes at 

three different scatterer concentrations of polystyrene microspheres reported 

in terms of the reduced scattering coefficient. 

3.1b Calibrations in controlled flow microfluidics  

Traditional speckle visibility expressions, including multi-exposure models, 

predominantly rely on the assumption of single dynamic scattering to relate the calculated 

correlation times to an estimate of scatterer speed.  Using this assumption, we examine 

the impact on controlled microfluidic flows in channels of varying sizes in Figure 21A.  

The resulting flow index depicts a clear discrepancy when inverse correlation times are 

interpreted as particle speed.  Here, the ICTs have been scaled by the square cross-

sections to estimate volumetric flow, which is being conserved experimentally across all 
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channels by the syringe pump.    However, the proportionality of this discrepancy is not 

one that can be corrected in an ad hoc fashion by assuming the correlation times are 

instead sampling volumetric flow (Figure 21B).  For this assumption to be valid, the 

photon paths would have to traverse a length comparable to the channel cross-sectional 

area before remission.  Generally, nonetheless, an accurate correction factor proportional 

to the number of dynamic scattering events encountered in each channel is necessary.   

 

 

Figure 21:  Inverse correlation time (ICT) derived flows versus pump flow in three 

separate channels calculated after Multi-Exposure Speckle Imaging 

assuming ICT’s are proportional to A) speed B) volumetric flux (speed-area 

product) and C) speed-channel feature length product or estimating Nd to be 

proportional to channel length from the multiple dynamic scattering (MDS)   

interpretation (see Tables 4 & 5).   Measurements were made at three 

different dilutions of 1µm polystyrene beads to simulate a large range of 

reduced scattering coefficients encompassing the typical range (µs,blood’ = 

1.6-2.1 /mm, hematocrit and oxygenation dependent) for circulating blood at 

the interrogating wavelength (λ = 660nm)  [111–113].  Similar trends were 

observed at λ = 785nm. Speckle Flow is defined as the product of the 

particle speed estimate and the channel cross-sectional area (Speckle Flow = 

    
 ).   



 67 

From the analysis of the photon scattering simulations (Figure 19 and 20), the 

ICTs are cursorily posed against the product of the speed and a weighting factor 

proportional to the channel cross-sectional length or diameter.  A much better 

correspondence is observed in terms of conservation of estimated flow across the 

microfluidic channels at varying dilutions of scatterers, encompassing the reduced 

scattering range reported of whole blood (µs,blood’ = 1.6-2.1/mm)  [111–113].  We now 

highlight the necessary revisions to the inverse models for reconciling the speckle 

correlation times to the speed of the scatterers.  

3.1c Revised speckle visibility expression 

Recognizing that multiple dynamic scattering events are likely occurring for 

typical in vivo blood flow imaging applications, the selection of the appropriate statistics 

or characteristics of the sample dynamics and scattering regime are necessary.  This will 

help estimate the accumulated decorrelation of the speckles by selecting a more 

appropriate form of the field autocorrelation function (Table 4).   In analytical terms, the 

relationship of inverse correlation times with scatterer speeds needs proper definition 

from the perspective of the DLS physics in the multiple scattering limit given the 

empirical motivations of quantitative flowmetry. 

The multiple dynamic scattering approximation of the field autocorrelation 

function can be derived from modeling correlation transport under diffusive 

approximations [67,114].  Within dynamic light scattering, diffusive-wave spectroscopy 

(DWS) is an approach applicable to dense scattering media, hence multiple scattering, 

and has been applicable for both particle sizing and motion sensing  [66,67,115].  DWS 

models the total phase change of the field as a summation over successive scattering 

events, and their respective vectors, in time as seen from the observation point of the 
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detector. For a backscattering geometry notable formulaic differences with single 

dynamic scattering models is the power on the mean-squared-displacement (Table 4), 

which results in the square root dependence along with a normalized pathlength factor, 

Nd=S/lt that accounts for the number of dynamic scattering events. 
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Table 4.  Scattering regime and sample dynamics with their corresponding normalized 

electric field autocorrelation functions.  q is the difference in wavevectors 

between the incident and scattered fields,  rr
2

  is the mean squared 

displacement of scatterers,  S is the total photon pathlength, lt is the transport 

mean free path, 
b

D is the Brownian diffusion coefficient of the scatterers, 
2

V is the mean squared speed of the scatterers,  τc  is the correlation time of 

the speckles, and Nd is proportional to the number of dynamic scattering 

events. 

In a typical imaging geometry, pixels are either sampling scattering largely from 

within single microvessels when registered over individual arterioles and venules at 

typical magnifications, or integrating flows from a host of unresolvable depth-distributed 

microvasculature (i.e. capillary beds).  Given these imaging conditions for cortical and 

mucosal tissues, the assumption that encountered dynamic scatterers from any given 

photon path will collectively exhibit Gaussian velocity distributions, akin to bulk flows, 

is more appropriate than assumptions of Brownian motion [94]. In parenchymal regions 
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and in applications such as dermal (e.g. skin) blood flow imaging most of the 

encountered flows are subsurface and therefore flow indices, specifically inverse 

correlation times, are of more heterogeneously integrated perfusion and therefore any 

relation to specific RBC speed may be further confounded.  Even in these cases, the form 

of the field autocorrelation function remains unchanged provided that the number of inter 

are large, but the weighting parameter, Nd, corresponding to the number of dynamic 

scattering events, may be difficult to decouple from the calculated speckle correlation 

time.   

From Table 4, we can re-derive the corresponding time-integrated speckle 

visibility expression for the multiple dynamic scattering and Gaussian velocity 

distribution.  By taking the second moment of the intensity autocorrelation function, 

approximated from the normalized field autocorrelation function by the heterodyne 

mixing Siegert relationship: 

g2(τ) = 1 + Aβ|g1(τ)|
2
 + Bβ|g1(τ)|,         (3.1) 

where A=If
2
/(If+Is)

2
and B=2IfIs/(If+Is)

2
, and If and Is are the intensities of dynamically and 

statically scattered light, respectively, and equating the second moment with the spatial 

contrast we arrive at the visibility expression in Table 5.  The traditional formulation, 

assuming single dynamic scattering and a Lorentzian velocity distribution, is juxtaposed 

as well.  The two expressions are nearly identical with only the added dynamic scattering 

weighting factor on the ratio of exposure duration and correlation time, x, for the multiple 

scattering formulation.  Particularly, in the limiting case where the number of dynamic 

scattering events reduces to one (Nd=1) or is identical for cross-regional comparisons 

(Nd,i/ Nd,j =1), the multiple scattering and bulk flow based expression is equivalent to the 

single dynamic scattering under diffusion based kinetics.  This limiting case would be 
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appropriate physically, but likely only valid only when imaging a single isolated capillary 

vessel or making comparisons cross parenchymal ROIs or similarly sized vessels.  A 

consequence of the formulaic similitude is that flow estimates originally derived from the 

original visibility expression may be reinterpreted with the alternate physical assumptions 

provided the vascular dimensions or geometries can be approximated. Velocity 

distributional assumptions are generally of lesser importance given that speckle 

flowmetry applications are practically geared towards imaging relative flow dynamics. 
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Table 5.  Dynamic scattering regime and sample dynamics with their corresponding 

speckle visibility expressions, Nd is the number of dynamic scattering 

events, T is the camera exposure duration, and τc is the correlation time of 

the speckles.  

The multiple dynamic scattering (and bulk flow) based visibility expression is 

used to estimate the correlation times of flows in the microfluidic channels of varying 

sizes in Fig. 20C.  The newly interpreted inverse correlation times are reconciled to 

estimating particle speed by the inclusion of the normalized pathlength factor to account 

for the relative degree of dynamic scattering encountered in each channel.  Particularly, 
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for regions of interest over areas dominated by speckle projections from a single vessel, 

the number of dynamic scattering events for both absolute and relativistic flow 

assessments can be approximated by relating the total pathlength to the channel caliber: 

vesseltdvessel DlSNDS  / .  Specifically, the multiple dynamic scattering ICTs are 

now assumed to be proportional to particle speed and volumetric flow is again 

approximated by the product of the ICTs and the channel cross-sectional area to estimate 

the conserved pump flow across all channels.  The better correspondence observed for 

each scattering level (Figure 20C) with the multiple scattering models suggest potential 

for robust cross-vascular flow comparisons.  However, for in vivo assessments a cross-

validation technique proved necessary.  

3.1d In vivo Calibration and Assessments  

In multi-exposure speckle imaging of the cortical microcirculation in mice, the 

intravascular multiple scattering effects are examined similarly by relating the inverse 

speckle correlation times to a measure of eryrthrocyte velocity.  This is done in 

resolvable surface vessels throughout the field of view (Figure 22A) per animal.  Given 

the observed disparity in surface (in-plane) vessel sizes, the number of dynamic 

scattering events sampled between pixels in different vessels needs examination.  Figure 

22A depicts the absolute perfusion by the corresponding speckle inverse correlation time 

maps from two animals, each image employing the traditional model (Equation 3.2, 

Table 5) indiscriminately at each pixel.  Five vessels are selected for comparison against 

RBC speeds estimated from high speed reflectance imaging (i.e. RBC tracking) and are 

presented with the single and multiple scattering corrected speckle ICTs sorted by the 

respective vessel calibers (Figure 22B).  In Animal 2 there is a both a lack of positive 

correlation and substantial deviations between the RBC speeds and speckle ICTs from the 
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single dynamic scattering model.  Alternatively, Animal 6 exhibits good positive 

correlation, likely due to the bimodal cluster of similar vessel sizes and a large flow 

outlier, but still presents substantial deviations with RBC tracking.  Employing the 

dynamic scattering revisions (Equation 3.5, Table 5) by correcting the speckle ICTs with 

the vessel size dependent factor, specifically the vessel caliber, cross-modality velocity 

estimates in both animals improve in terms of higher correlation and decreasing deviation 

(Figure 22B, bottom row).   

 

 

Figure 22.  A) MESI inverse correlation time (ICT) maps of the cortical perfusion in two 

animals computed using the single dynamic scattering visibility expression.  

B) Average centerline RBC speeds with single dynamic scattering (top row, 

indiscriminate of vessel size) and multiple dynamic scattering (bottom row, 

incorporating vessel diameters) ICTs.  Errorbars represent mean +/- std. dev. 

over a period 45 seconds. 
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Figure 23. Average percent deviation and correlation between normalized MESI ICTs 

and RBC speeds from each animal under A) cross-sectional area-speed 

product (isotropic multiple scattering), B) uni-dimensional diameter-speed 

product (anisotropic multiple scattering), and C)  speed only (traditional 

single scattering). Errorbars represent mean + std. dev. over five surface 

vessels. 

Percent deviations, each averaging across 5 vessels, and correlation coefficients 

are shown for n=13 animals in Figure 23.  To facilitate calculation of a cross-modality 

deviation, flow measures were normalized by the average flow measures across all ROIs 

for each respective modality. The first set of metrics (Figure 23, upper set) assumes 

single dynamic scattering while the lowest set has been re-evaluated for each animal in 

keeping with the multiple dynamic scattering visibility expression.  Across all animals, 
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the average %Δ is 91 +/- 43% (multiple scattering 2

dN vD , Figure 23A),  47 +/- 15% 

(single scattering: 2

,

2

,,,d 1N jvivjdid DDNNor  , Figure 23B), or 10 +/- 3 % (multiple 

or variable dynamic scattering vDdN , Figure 23C).   The average correlation 

coefficient is 0.32 +/- 0.36 (single or identical dynamic scattering, Figure 23B), 0.98 +/- 

0.03 (multiple or variable dynamic scattering with diameter dependence, Figure 23C) or 

0.91+/- 0.13 (multiple dynamic scattering and vessel luminal area dependence, Figure 

23A).  

 

 

Figure 24. Diameters (A) and diameters (B) of 5 surface microvessels from each animal.  

Red central mark is the median, edges of the box are the 25
th

 and 75
th

 

percentiles, whiskers extend to the most extreme values, and outlying values 

are denoted individually with red crosses.   

The percent deviations with the single scattering model slightly improve (Animals 

9, 11-13, Figure 23B) when vessel calibers are more comparable (Figure 24A).  

Therefore, the relative multiple scattering weighting factor would be similar and more 

equally impactful on the measured correlation times across the selected vasculature.  

Thus it follows that the observed cross-modality deviations are greatest with the single 

scattering model (Figure 23B) when the vessel diameter spread is widest (Animals 1- 3 & 



 75 

5, Figure 24A).  Also, some comparisons (Animals 4, 6, 11 and 12, Figure 23B) retain 

positive correlation between the single scattering MESI model and RBC tracking when 

velocities spreads were large and unevenly spread (Figure 24B) resulting in comparable 

flow trends accentuated by extremas.  However for every animal and vessel caliber 

distribution, percent deviations are lowest and correlations are positively near unity only 

when multiple scattering is taken into account.   

3.2 SUMMARY OF IMPROVED SPECKLE MODELING OF FLOW 

With the reformulation of the governing speckle visibility expressions under the 

new assumptions of diffusive photon propagation and bulk flow distributions, the average 

percent deviation of intravascular erythrocyte speed estimates reduced to 10 +/- 3 % from 

the 47 +/- 15% achieved with the assumptions of single dynamic scattering and Brownian 

motion.  Consequently, a three-fold improvement in correlation of flow trends between 

RBC tracking and speckle imaging was observed on average from r = 0.32 +/- 0.36 to 

0.98 +/- 0.05.  The speckle contrast imagery of resolvable vascular perfusion appears to 

not be a measure of RBC speed or volumetric flux in the traditional sense, but rather the 

product of speed and a uni-dimensional pathlength factor.   The improved accuracy is 

afforded by estimating this pathlength, and resultantly the relative degree of multiple 

intravascular scattering, by the channel caliber dimension. These caliber dependent 

variations agreed well with photon migration modeling, which essentially is a function of 

the scattering properties, including in particular the high scattering anisotropy and the 

collection geometry.  Prevalent concerns over quantitative speckle flowmetry have been 

these specific discrepancies in the derivational assumptions with the physical realities of 

the imaging geometry and typical specimen properties [94,116], which are now better 

conforming.  
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However, placing the spatially-integrated speckle ICT measures directly to 

scrutiny against the absolute RBC velocity magnitudes would demand spatial decoupling 

and specificity of the dynamic light scattering technique, comprising an ill-posed inverse 

problem. In order to directly relate the scale of inverse correlation time with speed one 

would require an active and independent calibration at each pixel of the speckle contrast 

image for each specimen.  Nonetheless, administration of such analyses at some level 

was necessary to examine the relationship between ICTs from selected vessels with the 

RBC velocities.  Neighboring and underlying flows may have an impact on the ICTs 

obtained from a single vessel ROI, which may result in substantial discrepancies if the 

adjacent flows are relatively large in magnitude. It is for this reason we restrained our 

cross-modality comparisons to planar and non-overlapping vessel segments within the 

FOV.  

3.2a Cross-regional dynamics (spatial comparisons) 

All speckle flowmetry implementations rely on scattering contrast in 

configurations that attempt to maximize scattering contributions versus absorptive (i.e. 

maximize albedo).  Therefore, given the modeling and empirical data presented, the 

physics of the dynamic scattering imaging technique is better served by assuming diffuse 

remission of laser light.  Consequently, the manner in which speckle contrast imagery is 

analyzed, calibrated, and simply interpreted must be revisited.  Perhaps prior to 

computing the inverse correlation times, compartmentalization into vascular and 

parenchymal regions would be prudent.  The physics of parenchymal regions is beyond 

the empirical scope of this study, but the parenchyma is not avascular and rather highly 

multi-vascular [38].  Therefore the number of dynamic scattering interactions may still be 

of concern along with spatial integration (i.e. photon paths and pathlengths) recorded at a 
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pixel.  The geometric correction employed for superficial vascular essentially enable 

comparisons with similar mesoscopic regions of interest (i.e. other surface vasculature).   

Flow channels or vessels are discernable in the speckle contrast or correlation 

time images as a result of the greater speed-pathlength product and spatial confinement of 

the selected vascular flows over the neighboring or underlying tissue.  Therefore, 

qualitatively the contrast imagery can function as an angiogram of patent vasculature. 

This is particularly true in microfluidics where the channels are embedded in static 

elements (Figure 19) but is also readily apparent in neurovascular imagery (Figures 22).  

The relative contributions of the background may be larger when vessels are either small 

(i.e. capillaries) and consequently of more comparable magnitude to the parenchymal 

flows.  In this case the relative contributions of the background may be significantly 

convoluted with the flow estimates.  Reinterpretations of the autocorrelation functions by 

incorporating multi-distributional flows may be appropriate, as has recently been 

suggested  [107], as a means of background subtraction.  However, the predictability, 

accuracy and practicality of relative apportionment of contributions in the measured 

speckle decorrelations may be practically prohibitive. Ultimately, a general 

understanding of the typical vascular network and architecture of the tissue of interest 

from the viewpoint of the detector must also be known for interpreting and deciphering 

the output of the physical model employed.   
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Figure 25:  Inverse correlation time (ICT) versus particle speed in 175 µm channel 

calculated after Multi-Exposure Speckle Imaging using the single (Equation 

3.2, Table 5) and multiple dynamic scattering (Equation 3.5, Table 5) 

speckle visibility expressions.  Measurements were made with whole human 

blood and two dilutions  denoted by the respective hematocrits at λ = 660nm 

(top row) and λ = 785nm (bottom row).  The multiple scattering modeling 

incorporates the channel size and the varying µs’ as determined by [113] for 

the respective hematocrits and saline dilutions. 

Spatial variations in blood hematocrit may also be of concern when comparing 

flows between vessels.  The number of dynamic scattering events will be directly 

influenced by the resulting variations in the intravascular scattering properties of the 

blood.  While the hematocrit may only vary greatly when comparing capillaries and 

macro-vasulature, the nearly three-fold range from 15%  (capillary) to 42% (systemic) 

hematocrit results in a more nominal scattering coefficient variation of 40%  [113].  

Furthermore, the corrections suggested would be inapplicable in the typically 

unresolvable capillary (e.g. parenchyma) regions and are relegated to larger superficial 
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arterioles and venules, where hematocrit typically varies between 36 and 33% (Δµs=4%, 

Δµs
’
=8%), as observed in rodents [117].  The applicability of these estimates is shown 

with hemodilutions of whole human blood used in speckle contrast imaging of controlled 

microfluidic flows (Figure 25) in the largest channel to facilitate flow integrity.  The 

relative dynamic scattering variations are accounted for by estimating the variations in 

the transport mean free path, as determined by Meinke et al. [113] for whole blood and 

two saline dilutions. However, regional hematocrit variations cannot be estimated for 

practical speckle flowmetry and ultimately remains a quantitative limitation dependent on 

the magnitude of the regional discrepancy.   

3.2b Within region dynamics (temporal comparisons) 

Building on the slightly better correspondence observed between vessels of 

similar caliber in the absence of using the multiple scattering weighting factor, the 

limiting case of following speckle inverse correlation time dynamics and RBC speeds 

within the same vessel or region of interest over time would also not be subject to 

appreciable variations in the number of dynamic scattering events.  Hematocrit variations 

would also be limited and less consequential within the same vasculature over time. 

Therefore, as long as cross-regional measurements are not of interest, within region 

dynamics should be irrespective of the correction employed by estimating the relative 

variations of multiple dynamic scattering.  In this case, both the visibility expressions in 

Table 5 would be formulaically identical.   

However, with induced flow alterations (i.e. occlusions, stenosis, constrictions, 

and dilations) associated with diseased models or physiological perturbations, vessel 

calibers may change routinely, unpredictably and appreciably. In the occlusion study in 

Chapter 2, flow dynamics are slightly better served (10 vs. 15% deviation on average 
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with RBC tracking, Figure 26) by accounting for the lumenal variations, albeit observed 

over a lengthy multi-session imaging paradigm.  Speckle images may better delineate 

lumenal expanse over reflectance photography, which can erroneously register stationary 

chromophores (e.g. trapped or stationary erythrocytes) as part of the vascular lumen.  In 

summary, within region temporal comparisons may be accurate as long as the vessel 

caliber (e.g. luminal area) is conserved, as the number dynamic scattering events will be 

similar.  

 

 

Figure 26.  Inverse correlation time (ICT) images over three imaging sessions to highlight 

variations in vessel calibers.  Single and multiple dynamic scattering MESI 

ICTs and RBC speed dynamics relative to baseline over a period of two 

weeks.  Targeted photo-thromobotic occlusions were made on Day 5.  
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3.2c Validity of Cross-animal comparisons 

 

Figure 27. Regression plots assuming the same scattering properties, underlying 

perfusion levels, and instrumentation (i.e. laser, camera and speckle size) for 

examining the validity of between animal comparisons with the 

multiple/variable and single/identical dynamic scattering speckle visibility 

models.  Errorbars represent mean +/- std. dev. for each modality’s flow 

measure. Data is comprised of 5 cortical microvascular regions from each of 

a total of 13 animals. 

Cross-specimen comparisons may be viable when there is analogous 

heterogeneity of the vascular architecture (i.e. large surface flows) from the perspective 

of the imaging geometry (i.e. backscattering, speckle size, magnification/numerical 

aperture, wavelength, pixel size) between specimens.  Speckle and RBC tracking 

estimates are regressed both with the single and multiple (or variable) scattering 

formulations in the Figure 27.  These estimates expectedly convey better correspondence 

and correlation to RBC speeds with the multiple scattering model.  However beyond 

instrumentation controls, residual variations in Figure 27 may be due to underlying flows 

and vascular hematocrits between animals.  Applications between tissue types such as 

dermal, mucosal, dental (i.e. pulpil), neuro-cortical, and retinal may be incomparable due 

to such variations at the microvascular layout.  However, more macroscopic flows, 
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particularly in large animals and humans, may be less susceptible to these regional 

contributions and therefore would be more comparable between specimens.   

3.2d Implications of applying or ignoring multiple sequential scattering  

If the degree of multiple scattering is not estimated for in single exposure LSCI, a 

single contrast value, and consequently a single autocorrelation decay time, may be 

equivalent to multiple flow levels even if imaging is performed at the optimal exposure 

duration for sensitivity to the sample flow distributions.  Likewise, in a multiple exposure 

imaging paradigm, a single visibility curve and its extracted correlation time, therefore, 

may correspond to multiple flow levels if the effects of multiple scattering are not 

estimated.   Applications that attempt to quantify volumetric pial flows, often by scaling 

the inverse correlation times by the vessel area  [103,118], are best served by the multiple 

scattering corrections posed in this study as the traditional relationship with scatterer 

speed is conserved.  

In this paper, fields-of-view sufficient for rodent cortical imaging were utilized 

and comprise the higher end of magnification typically used in LSCI applications.  As the 

field of view is scaled for larger animal to human imaging, i) the spread in resolvable 

vessel caliber will be extended to included larger microvasculature, while the lower 

caliber limit will also be magnification dependent and ii) the numerical aperture of 

collection will ultimately govern the photon paths sampled and degree of spatial 

integration.  Consequently, the number and variation in dynamic scattering events 

encountered by interfering fields at the camera pixel will scale commensurately and 

therefore still be of significant concern.  To facilitate analysis, the interpretation of the 

speckle imagery may be better served by compartmentalization into resolvable single 

vascular and multi-vascular (e.g. parenchymal) regions. This may be rapidly 
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accomplished through image segmentation algorithms [119,120], particularly those that 

can provide automated caliber information [121].   

While a multi-exposure implementation was used to more holistically sample the 

specimen flow distributions and better decouple the motion contributions in the imaged 

speckles across the field of view, single exposure implementations (Equation 1) may be 

similarly revisited.  In fact the expressions in Table 5 approximate to their single 

exposure variants in the limit of no static scattering (ρ1). A consequence of the 

physical model re-derivations is the similarity of the new formulation to the prevailing 

visibility expression, which can facilitate the computational fitting and analysis of 

imagery indiscriminately prior to estimating or correcting for multiple scattering effects.   

3.3 COMPARING IMAGING BASED ESTIMATES OF SPECKLE DECORRELATIONS WITH 

TRADITIONAL TEMPORAL AUTOCORRELATION MEASUREMENTS 

In order to assess the accuracy of multiple exposure camera based imaging of 

time-integrated speckles in estimating the characteristic autocorrelation decay times, we 

now employ direct comparisons with photon autocorrelation measurements. The 

instrument shown in Figure 28 was used to obtain blood flow measurements almost 

simultaneously using MESI and traditional temporal autocorrelation techniques. 
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Figure 28.  Combined instrument configuration for Multi-exposure speckle imaging and 

Temporal Autocorrelation.  SM: Single (Temporal) Mode. PMT: Photon 

Counting Photon Multiplier Tube. Corr.: Photon Correlator Board. CCD: 

Charge coupled device. 

In each animal, DLS measurements were obtained from single microvessels 

(arteriole or venule) and the parenchyma.  Before each temporal DLS measurement, the 

observation spot was verified by back illumination through the single mode optical fiber 

and the imaging setup. For each measurement, a photon counting PMT detected the 

remitted light which was recorded in a typical time-tag fashion by a photon correlator 

board (DPC-230, Becker & Hickl, Gmbh, Germany) with a 165 picosecond temporal 

resolution. After DLS measurements were obtained at each point, 30 full field multi-

exposure speckle images were obtained at each of 15 camera exposure durations. These 

30 raw images were converted to speckle contrast images using Equation 2.1, and then 
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averaged. The region of interest corresponding to the DLS measurement region was 

identified and MESI data was extracted from the averaged speckle contrast images. These 

data points were fit to Equation 2 to obtain estimates of correlation time,   .  

3.3a Correlation time estimates 

Figure 29 illustrates two dynamic light scattering measurement regions with one 

being in the parenchyma, while the other is nearly completely confined to a single vessel.  

From DLS and physiology, the intensity and field autocorrelation functions obtained 

from the measurements over the faster flowing vessel should decay faster.  The first step 

in estimating blood flow with DLS measurements is to compute the intensity and field 

autocorrelation functions of the  backscattered speckles defined as: 
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Section 1.1b, where the intensity of the backscattered speckle is measured as I(t). The 

intensity autocorrelation function has often be defined by the Siegert relation,  

g2(τ) = 1 + β|g1(τ)|
2
,
 
      (3.6) 

for relation with the field autocorrelation function g1(τ).  The Siegert relation assumes the 

speckles follow Gaussian statistics in time, essentially requiring the speckle fluctuations 

to be large in number for approximations based on the Central Limit Theorem to hold.  In 

the presence of static scatterers, the dynamically scattered fluctuations remain Gaussian 

but the total detected field acquires a static contribution resulting in deviations from 

Gaussian statistics.  If all scattering centers with then tissue were stationary, the relative 

temporal phase of the incident field would be retained at all scattering centers in the 

tissue.  However, the intensity at any location would differ due to the spatial phase 

variations from the optical pathlengths, but the temporal coherence at each scattering 

center would be preserved with the incident field.   
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Figure 29. A) Speckle Contrast image of region of mouse cortex.  B) Contrast squared 

(variance) as a function of the exposure duration of the camera for a 

vascular and parenchymal region of the mouse brain identified in (A) fitted 

with the multi-exposure visibility expression. C) Temporal autocorrelation 

(PMT-PCB) measurements from the same regions in (A) fitted with the 

heterodyne mixing Siegert relationship for normalized intensity 

autocorrelation.  

Temporal phase variations largely arise from interactions with the moving 

scatterers (i.e. red blood cells), which are then transferred to subsequent scatterers, be 

they static or dynamic.  Essentially, static scattering directly relays the temporal phase to 

the next scattering center or detector.  In situations where the scattered speckle intensity 

arises from a  mixture of static and dynamic particles the heterodyne mixed scattered 

field can be expressed as, 

)exp()()( tjEtEtE osh  , (3.7) 

where, Es is the static field amplitude and ωo  is the source frlequency.   
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The Siegert relationship can be modified as 
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contributions from the statically and dynamically scattered light, respectively.  β is a 

normalization factor accounting for speckle averaging, polarization, and coherence 

effects.  From the modified Siegert relationship, the second moment of the intensity can 

be written as:  
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The variance, or alternatively the reduced second moment, can therefore be expressed as: 
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By noting that the field autocorrelation function g1(t) is an even function the double 

integral can be re-expressed along with triangular weighting to:  
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Assuming that the spatial and temporal statistics are ergodic, the temporal variance can 

be related to the spatial speckle contrast by taking the square root of the variance from 

which the speckle visibility expression in Table 4 can be obtained.   

For the temporal autocorrelation measurements the modified Siegert relationship 

is used as the effects of heterodyne mixing will accompany both the spatial and temporal 

measurements of the speckle fluctuations. Figure 29 presents two such measurements, 

from a cortical vessel and from the parenchyma.  The speckle visibility curves for the 



 88 

regions are depicted in Figure 29B.  The single vessel appears to lose contrast faster than 

the parenchymal region over the 15 selected camera exposures, which would be expected 

for regions decorrelating more quickly due to greater motion or alternatively higher flow 

or perfusion.  The prevailing speckle visibility fit function assuming a Gaussian velocity 

distribution and multiple dynamic scattering is also overlain for each region.   Figure 29C 

confirms the relative decorrelations between the selected regions by plotting the 

normalized intensity autocorrelation from the PMT as recorded by the photon correlator 

board measurements.  The single vessel clearly decays more quickly than the 

parenchymal indicating higher flow.  The intensity autocorrelation function used is also 

denoted and formulaically corresponds to the Gaussian velocity and multiple scattering 

regime.  However, for both the MESI and PMT fits the relative degree of dynamic 

scattering between the two regions cannot be approximated and therefore remains lumped 

in the correlations.  Physically, therefore the curves represent an average velocity-

pathlength product for each region of interest.    

Inverse correlation times from six parenchymal and six single vascular regions are 

presented in Figure 30B.  Both MESI and PMT approximated inverse correlation times 

are shown. Half of these regions were in the FOV spanned by Figure 30A, while the 

location for the remaining six are outside the presented FOV.  There is a strong one-to-

one correspondence, with the MESI computed ICT’s approximating those from temporal 

autocorrelation measurements.  Temporal intensities were recorded from the photon 

counting PMT over a period of 10 seconds.  Similar duration of data was averaged for 

making the MESI measurements, though each MESI session simultaneously sampled 

approximately multiple regions which required sequential acquisition with the PMT.    
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Figure 30.  A) Multi-exposure computed speckle inverse correlation time image of a 

region of the mouse cortex.  B) Inverse correlation times computed by MESI 

(y-axis) versus htose from direct autocorrelation measuremetns (PMT-PCB, 

x-axis). A one-to-one correspondence line bisects the plot.   C) Temporal 

autocorrelation fits to the modified Siegert expression between the intensity 

and field autocorrelation decay times assuming normally distributed particle 

velocities versus D) fits assuming Lorentzian velocity distribution.  

3.3b Validity of statistical model assumptions. 

A key observation of the previous section is that a multiple dynamic scattering 

statistical approximation is necessary for appropriate modeling of the speckle 

decorrelations with speckle contrast imaging.  Now we have employed these same 

assumptions in more directly measuring the temporal autocorrelation through traditional, 

both empirical and conceptual, means.  First, the temporal measurements from single  
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vascular regions are best served with the model assuming Gaussian velocity distributions 

in the multiple scattering regime (Figure 30C).  Alternatively, this model can signify a 

Lorentzian velocity distribution and single scattering.  Although, the former interpretation 

is physically more viable, a pivotal compelling point for the multiple scattering 

interpretation is that better fits were observed in parenchymal regions with the square 

root dependence (Figure 30D), indicative of multiple scattering.  If single scattering was 

more probable in the parenchyma, then the square root dependence would be unlikely.  

Also, parenchymal regions would likely register proportionately less dynamic scattering 

than regions within large single vasculature.  

Secondly as suggested, while the autocorrelation fits are better for the single 

vascular regions with the multiple scattering and Gaussian velocity distribution they do 

not serve the parenchymal regions as well as the square root (i.e. Lorentzian velocity, 

multiple scattering) dependence and vice versa (Figures 30C-D).   This may suggest that 

a spatially varying visibility model for speckle contrast imaging would be more 

appropriate and needs further examination.   
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Chapter 4: Two photon phosphorescence lifetime oximetry   

The distribution of dissolved oxygen in the brain has proven difficult to examine 

at the microvascular level under baseline conditions let alone after selective flow 

alterations due to methodological shortcomings of classical oximetry techniques.  

Empirical measurements are often still made outside the vascular lumen of large vessels 

through invasive Clark electrodes [80,81] from which mathematical models of oxygen 

delivery have been developed following the theory of advection-diffusion [122,123].  

More recently, three-dimensional optical imaging techniques have been shown to provide 

hemodynamic characterization of microvascular beds with greater sensitivity and 

accessibility without significant physiological perturbation [124].  

In particular, techniques combining laser scanning microscopy and 

phosphorescence quenching for oxygen measurements have begun mapping 

microvascular oxygen tension.  However, these techniques have proven challenging for 

three dimensional imaging with conventional oxygen sensitive probes [91,125] due to 

very low two-photon absorption cross-sections and skewed calibrations at high probe 

load.   

A new platinum-porphyrin based phosphorescent oxygen sensor, PtP-C343 [83] 

has been developed with a much larger two-photon cross-section, tuned oxygen 

sensitivity and greater molecular dispersion in biological environments. These properties 

combined with its phosphorescence efficiency make PtP-C343 an effectively brighter and 

stable molecular probe for two-photon microscopy, resulting in greater confidence in 

measurements and improved three-dimensional sectioning.  The new oxygen sensor has 

shown convincing calibration in vitro and in vivo through blood gas analysis along with 

application in a series of baseline [92,93] and functional activation [82] pO2 
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measurements in intravascular and interstitial tissue environments. Here, we demonstrate 

a two-photon lifetime microscopy technique that utilizes this new oxygen sensor for 

examining the vascular networking impact on intravascular oxygen tension. 

We incorporate laser speckle contrast imaging (LSCI) in the combined system for 

monitoring regional cortical blood flow changes induced through photothrombosis.  In 

contrast to two photon microscopy, LSCI is a non-scanning technique that utilizes camera 

imaging, which enables scalable fields of view for fast and vast flow characterization 

albeit in a depth-integrated fashion. The technique’s relative simplicity has enabled it to 

quickly become a widely used modality in rodent cortical blood flow studies [38,70].  

Given its fundamental reliance on statistical modeling, LSCI is largely limited to 

measuring relative blood flow changes [36]. Nevertheless, LSCI provides high temporal 

resolution for real-time analysis of cortical blood flow from multiple surface vessels in a 

complementary fashion to the absolute dynamics obtainable with multi-photon imaging.   

In this chapter, we present a single optical system integrating the above 

techniques to make non-invasive cerebral blood flow and intravascular oxygen tension 

measurements before and after microvascular occlusions.  We envision that the system 

can be a useful non-contact method for studying microvascular oxygen gradients and 

networking not only in the intact rodent brain but in other systems where microvascular 

flows are functionally relevant. 

4.1 TWO PHOTON MICROSCOPY 

Specifically, two photon microscopy is an optical imaging modality that provides 

significant improvements over conventional widefield and single photon confocal 

microscopy, including  near-infrared laser excitation laser for better depth penetration, 

limited out of focal plane excitation for improved sectioning, and limited photo-
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damage.  In the last two decades, two photon microscopy combined with efficient 

fluorescence labeling of specimens in vitro and in vivo has rapidly expanded the scope of 

imaging in optically turbid media from purely structural to functional.   Two photon 

absorption takes advantage of nonlinear processes of intense light and falls under the 

more encompassing regime of multiphoton absorption/excitation that was theorized in the 

1930s by Maria Goeppert-Mayer in her doctoral dissertation.   As a nonlinear process, the 

efficiency of two photon absorption is intensity dependent, thereby necessitating high 

spatial and temporal co-localization of photons, commonly achieved by use of 

femtosecond laser sources and high numerical aperture objectives.  Further advances and 

improvements in two photon microscopy include video rate imaging, development of 

contrast agents with high two photon cross-sections, and the recently demonstrated ability 

to achieve sub-diffraction limit resolution via Two Photon Excitation –Stimulated 

Emission Depletion Microscopy.  Ultimately, advances in two photon microscopy have 

resulted from a partnership of applications in the natural sciences with concomitant 

advances in photochemistry and optical engineering. 

As mentioned above, the seminal principles of multiphoton excitation were first 

described by Maria Göppert Mayer in her doctoral dissertation [126].  The basic idea of 

the process is that at sufficiently high photon densities, two photons of half the energy 

difference of an electronic transition can be absorbed simultaneously, which more 

appropriately can be probabilistically characterized by temporal transition periods of less 

than approximately 0.5 fs.  This period is conceptually the approximate lifetime for the 

notion of the intermediate one photon virtual (i.e. nonexistent) transition step.  Since the 

probability of two photon absorption depends on the squared incident intensity, the 

process of fluorescence generation is limited to the focal spot of the utilized optics.  Two 

photon absorption was demonstrated spectroscopically in both doped crystals and organic 
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molecular aggregates in the 1960s and led to further examination of the underlying 

photochemistry from a quantum mechanical perspective.  This spatial confinement of 

both two photon absorption and the subsequent fluorescence generation lends two photon 

microscopy, which was first demonstrated in 1991 by Denk and Webb [127], the attribute 

of inherent three dimensional sectioning, as the mechanism of image contrast is based on 

presence or absence of fluorescence from the focal volume and limited out-of-focus 

signal generation.  Thus, two-photon excitation microscopy provides an alternative to 

single photon (confocal) microscopy, namely in the ability to achieve 3D imaging of 

living cells often  in thick multicellular systems such as tissue slices, culture-tissue 

preparations, and intact tissue in vivo [128].  Beyond microscopy, two photon absorption 

has developed a niche in photo-lithographic processes that enable the construction of 

three dimensional structures with hundreds of nanometer scale resolution, again aided by 

limited out-of-focus absorption.  In the microscopy configuration, the practical technique 

of achieving efficient two-photon fluorescence imaging developed from the combination 

of ultra-short laser pulses and high numerical aperture objectives, enabling spatially and 

temporally confined photon flux to facilitate the two-photon absorption process. 

4.1a Design of common two photon fluorophores and chromophores.   

The quantum mechanical cross-section of organic molecules can be described in 

terms of the imaginary part of the third order molecular hyperpolarizibility and the 

wavelength.  Multiplying by the local field factors and the number density of the dye 

molecules, the hyperpolarizabiltiy can be related to the bulk imaginary third order optical 

susceptibility, conforming to a classical representation of material properties indicative of 

two photon absorption strength.  Interpretations of the polarizability dependent cross-

section relate to the incident wavelength (c/ω), length scales (x), local field factors such 
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as the index (n), and hyperpolarizability (γ) in the following manner: 
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Fluorescence imaging rarely relies on intrinsic fluorophores/chromophores due to 

the insufficient fluorescent yields (weak signals) and diffuse localizations.  Therefore, 

significant effort has been put into efficient targeting of biological sub-features for 

enhanced contrast generation from regions-of-interest.  Engineered molecular moieties 

with high affinities for certain target biological micro-structures (cellular organelles), 

proteins, macromolecules, and various other biochemical species have enabled 

fluorescence laser scanning microscopy to be a prolific imaging modality [8]. The 

availability of fluorophores that have sufficiently high two photon cross-section is limited 

as most commercialized fluorophores were designed with the initial aim of maximizing 

single photon cross-sections.  Nonetheless, certain dyes originally developed for single 

photon microscopy, Rhodamine B (δ = 210 GM) and Flourescein (δ = 38 GM) have 

sufficiently high two photon cross-sections.  Quantum Dots (QDs), such as CdSe, have 

especially high two photon cross-sections (~47000 GM)  [129], but can be toxic and 

highly insoluble in biologic materials.  Nonetheless, the large cross section and 
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fluorescent yield of QD’s is leading to further application of highly encapsulated QDs 

and nanoparticle-encased organic dyes with biologic antibodies and water soluble 

domains [130].   

The design of two photon fluorophores has thus become of paramount concern in 

photochemistry with the further adoption and preference of two-photon microscopy in 

biological imaging.  For the case of organic dyes, the most commonly adopted strategy is 

based on the concept of symmetric charge transfer from the ends of a conjugated system 

to the middle upon excitation.  Such organic dyes with increasing two photon cross-

sections have synthesized benzene derivatives with donor-donor, donor-acceptor-donor, 

and acceptor-donor-acceptor charge transfer schemes over the pi-conjugation pathway, 

which result in increasing two photon cross-sections  [131].     

The quantum yields of molecules with multipolar charge transfer to the central 

core quantum mechanically result from triplet states that have formed successively from 

the increased probability of intersystem crossing, and thereby result in longer lifetime 

dyes (from nanoseconds to microseconds) that employ phosphorescent decay processes. 

Ultimately, current attempts of two photon dye synthesis take advantage of conjugated 

organic molecules with large changes of quadrupole moment upon excitation. 

Incidentally, such extensive conjugated dyes with symmetric charge transfer are often 

susceptible to quenching by certain molecular species (e.g. O2) and can be used as 

sensors for such species based on lifetime measurements  [132,133].   

4.2 INSTRUMENTATION DESIGN & VALIDATION 

A custom-built two-photon laser scanning microscope with an integrated laser 

speckle contrast imaging (LSCI) system is presented in Figure 31A.   A large back-

aperture long working distance objective, two-inch collection optics, and un-cooled, un-
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housed photon-counting PMT's (H10770PB-40, Hamamatsu Photonics, Japan) were 

utilized to optimize collection efficiency of fluorescence and phosphorescence 

signals [134].   A Ti:sapphire femtosecond excitation laser (Mira 900f, 140 fs, 76 MHz, 

λo = 835 nm, Coherent Inc.) was tuned to optimize vascular labeling and to take 

advantage of the two-photon cross section of PtP-C343.  An electro-optical modulator 

provides laser intensity control for imaging as well as temporal gating during lifetime 

acquisition.  Laser scanning (x-y) was achieved via galvanometer mirrors and z-

translation via stepper-motorization of the objective/collection subassembly.  A dichroic 

mirror (D1) was used to separate emission from excitation.  Two-channel detection 

enabled further spectral separation with another dichroic mirror (D2).   Detected 

phosphorescence lifetime signals from PtP-C343 were digitized using a photon counting 

board (DPC 230, Becker & Hickl, Germany), while fluorescence signals were sent 

directly to the computer for image (Figures 31D-E) and linescan (Figure 33A) 

acquisitions.   

The phosphorescence measurements were made in the time domain with a short 

gate of the pulsed excitation light (Figure 31B).  The instrument response was calibrated 

for by using a fast decaying (~4 ns lifetime) fluorescence standard to determine the 

temporal offset necessary to isolate the phosphorescent decay from the detected signal.  

After the excitation gate and offset, the remaining phosphorescent signal, I(t), was fitted 

for the decay constant, τ: 

 


tbatI  exp)(      (4.2) 
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Figure 31. A) Custom two-photon microscope with integrated laser speckle contrast 

imaging and photothrombotic light delivery.  EOM: electro-optic modulator; 

PCB: photon counting board; D1, D2, D3 dichroic mirrors with 

transmissions: T>740nm, T>795nm, and T >570nm, respectively. B) Laser 

modulation paradigm for lifetime measurements.  Laser train is temporally 

gated at a modulation repetition rate optimized for measuring 

phosphorescence signals from PtP-C343.   C)  Top: Sample calibration 

curve of PtP-C343. Bottom: Probe sensitivity curve. PtP-C343 molecular 

structure (inset) exhibiting two photon excitation of coumarin-343 moieties 

(blue) with charge transfer to platinum meso-tetraarylporphyrin (PtP, red) 

phosphorescent core.  Polyarylglycine dendrimer and peripheral 

oligoethyleneglycol residues are shown in black and green, respectively.  D) 

Laser speckle contrast image of cortical perfusion and corresponding two 

photon projection of fluorescently labeled vasculature over 400 µm of 

depth. Scale bar = 150 µm.  E)  Normoxic and hypoxic intravascular 

phosphorescence decays from an arteriole (left, green circle).  Scale bar = 50 

µm.   

4.2a Sensitivity, SNR and photothrombosis characterization 

A calibration curve based on Stern-Volmer kinetics [76,83] was used to relate the 

lifetime measurement, τ, to a measure of pO2.  Detailed calibration parameters of the 
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probe describing the quenching efficiency under physiological conditions are shown in 

Figure 31C. The sensitivity of the probe improves with lower oxygen tensions, which 

lends itself to improved fidelity during the examination of deeper or higher branch order 

vessels and is particularly relevant for post-occlusion measurements. Temporal 

phosphorescence signals and their respective oxygen tensions in a cortical arteriole are 

shown in Figure 31E under normoxic and hypoxic conditions achieved by alteration of 

the fraction of inspired oxygen (FiO2).  It is important to note that the phosphorescent 

sensitivity is in direct contrast to the sensitivity dependence associated with Clark 

electrodes, where signal scales with increasing oxygen tension.   

 

 

Figure 32.  A) Set-up for SNR optimization in an aerated sample.  B) Variability in 

measured pO2 as function of duty cycle (e.g. gate duration) and collection 

time.  C) A typical phosphorescence decay in vivo with the optimal gate 

duration and collection time from B.  D) Average and standard deviation 

(error-bars) over 5 measurements at the acquisition parameters noted in (C). 
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The inter-gate interval should ideally be 3-4 times longer than the longest 

expected phosphorescent lifetime.  The unquenched lifetime of PtP-C343 is 

approximately 50 µs, making the lowest tolerable modulation rate to be 5 kHz.   

Shortening of this interval may result in insufficient sampling of the full decay and 

prolonging the interval (e.g. lowering the repetition rate) may reduce signal-to-noise at 

the decay tails. Typically, at least 12000 or 3000 excitation gates (Figure 1B) have been 

suggested for averaging phosphorescent decays from two-photon excited focal volumes 

of PtP-C343 at 1% duty cycle and 10% duty cycles, respectively [93].  The number of 

gates is set by selecting the instrument collection time.  Practically, collection times 

should be short enough to achieve sufficient signal-to-noise (SNR) for a desired 

measurement uncertainty while not delaying in vivo experiment durations excessively.  A 

10% duty cycle and 5 second collection time (25000 excitation gates) assured this 

reliability for our implementation given a priori optimization (Figure 32) at a fixed 6 µM 

probe concentration over five repeated measurements performed in vitro with an aerated 

saline sample. Five sequential phosphorescent decays recorded at each measurement 

location in vivo resulted in a 25 second temporal resolution for oxygen tension mapping 

(Figure 32B).  This resulted in a SNR (defined in Figure 32D) of ~25 dB for a typical 

surface arteriole pO2 value of 72 ± 5 mmHg at 30 µm depth (Figure 32C), which is an 

estimate of the minimum expected SNR and measurement variability for the 

characterization study presented in this chapter.  Particularly, SNR is of concern under 

high pO2 conditions (e.g. high phosphorescent quenching) and in deeper depth sections 

that generate and/or collect lower phosphorescence.  Ultimately, the optimization of these 

settings is instrumentation and sample specific and therefore is necessary in anticipation 

of the experimental conditions.  
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4.2b Laser speckle contrast imaging of cortical perfusion 

Regional flow maps over the cranial window were obtained using Laser Speckle 

Contrast Imaging (LSCI).  A laser diode (λ = 785 nm) illuminated the craniotomy with 

oblique incidence for LSCI (Figure 31A).  The backscattered laser light from the 

specimen was imaged through the objective and passed through D1 and reflected by D3 

and imaged onto a camera (A641f, Basler Vision Technologies, Germany) with a zoom 

lens (ZOOM 7000, Navitar Inc., New York, NY).  Choice of near-infrared laser diode 

wavelengths for LSCI is restricted by the two photon excitation center wavelength, which 

ultimately governs the transmission cutoff of D3.  The camera focus was adjusted to be 

coplanar with the two photon imaging plane by coarse translation of the camera location 

as well as zoom lens fine focusing.  Speckle contrast conversion and imaging was 

performed in real-time as has been described previously in Chapters 1-2 and 

elsewhere [36,135].   

In brief, temporal fluctuations in the scattered laser light manifest as a blurring of 

the observed speckles in the image.  This degree of blurring is quantified by computing 

the local speckle contrast (K), defined as the quotient of the standard deviation and mean 

pixel intensities, IK  , over a 7x7 pixel (e.g. 9.8 x 9.8 µm in the sample plane of 

Figure 31A) window across the raw image (not shown).  Areas with higher flow in the 

speckle contrast images have lower contrast values and vice versa (Figures 31D and 

33B).  The spatial extent of flow changes can be gauged with LSCI (Figure 33B), where 

the gain in speckle contrast correlates inversely with the relative perfusion dynamics.  

Ultimately, widefield LSCI is label-free and rapid, which can be useful with 2PLM for 

providing multi-scale flow dynamics.  
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Figure 33. A) Two-photon linescan from a cortical arteriole and calculated RBC speed 

time-course.  B) Laser Speckle Contrast Imaging of cortical flow before and 

after occlusion.  Images shown are real-time computed speckle contrast 

images (5ms exposure duration) using a 7x7 pixel window, where darker 

pixel intensities indicate higher flow. Green circle and triangle indicate two 

arterioles selected for occlusion.  Scale bar = 400 µm.  C) Linescans taken 

from Arteriole 1 (circle) are shown pre- and post-occlusion.   

4.2c Targeted occlusion via photothrombosis 

Flow interruptions are often induced by clipping large vessels upstream of the 

microvascular bed or introducing intraluminal sutures through the carotid artery [49,136–

138].  These occlusion models are more suited for inducing focal to global ischemia and 

are too coarse and expansive for analyzing microvascular dynamics with specificity.  

Focused damage to the vascular endothelial lining with pulsed lasers has also recently 

been used to make both surface and deeper cortical occlusions in individual 

microvessels [86].  Studies using this occlusion model have suggested that descending 
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arterioles serve as bottlenecks in the supply to the cortex by observing the impact on 

regional erythrocyte velocities [87].  This occlusion technique is promising when 

optimized to minimize collateral damage, but over the micro-scale there may be 

extravasation of blood plasma that may elevate the tissue oxygen levels and thus alter the 

physiological pO2 gradients acutely.  Instead, we use photothrombotic occlusion of 

surface microvessels, which provides an optically precise mechanism for interrogating 

the microcirculatory flows by shutting off flow in individual vessels albeit upstream of 

cortical penetration.  

Rose Bengal, which has been shown to be an apt photothrombotic agent with fast 

clearing [85,139,140], was injected intravenously (0.1mL, 12mg/mL dilution) 

immediately before green laser illumination. Targeted occlusion of a single descending 

arteriole upstream of cortical penetration was achieved by activation of Rose Bengal by a 

focused green laser (30 µm spot size, 1.5 mW, 532nm, Millenia V, Spectra Physics) 

introduced by switching dichroic 1 (D1) with a cold mirror (Figure 31A). Real-time laser 

speckle contrast imaging (Figure 33B) was utilized to monitor the occlusion progression 

in the vessel of interest and thereby guide the duration and location of the 

photothrombosis.  

4.3 BASELINE PO2 IN DESCENDING ARTERIOLES   

Baseline (e.g. no induced flow alteration) pO2 gradients in descending arterioles 

under normoxic conditions are presented in two mice (Figure 33). Initially, laser speckle 

contrast imaging (LSCI) was performed to find regions containing descending arterioles 

of interest (Figures 3(a) and 3(c)).  Transverse vessel end points signify penetrating or 

ascending vessel segments.  Branching order and relative flow strengths may be rapidly 
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inferred from LSCI, while flow directions from two photon linescans can confirm 

arteriole and venule identities.   

 

Figure 34. Speckle contrast images of cortical flow from Mouse 1 (A) and Mouse 2 (C).  

Baseline pO2 in descending arterioles.  Projections of three-dimensional 

vascular imaging to a depth of 400 µm (B) and 375 µm (D) with pO2 

measurements taken in the arterioles of Mouse 1 and 2, respectively.  

Arrows indicate flow direction.  Scale bar = 50 µm. E) Baseline pO2 depth 

profile in descending arterioles from (B) and (D).  First measurements (z = 

50 µm) correspond to initial descent points. Data and error bars represent 

avg +/- s.d. over five measurements. 

Over the length scales shown (Figs. 34B and 34d), surface intravascular levels of 

oxygen tension measured at several points remain within 5%.  Substantial pO2 gradients 

are first observed with arteriole descent into the cortex.  In Figs. 34A-B, the two surface 

arterioles flow into a single arteriole that subsequently descends into the cortical layers 

(see arrows, Fig. 34B).  The second animal’s descending arteriole in Figs. 34C and 34D 

is fed by a single pial arteriole, which is the predominant branching paradigm observed 

off of the parent vessel. Both animals’ arterioles exhibit a 75% drop in oxygen tension 
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within the first 150 µm of descent (Fig. 34E) despite the initial 30 mmHg surface pO2 

disparity.  The converging supply routes in Mouse 1 may account for the higher initial 

oxygen tension.  A step size of 25 microns is used to sample these baseline gradients in 

relatively deep penetrating vessels, imaged with sufficient signal to background to nearly 

400 µm.  However, step sizes as small as one micron in depth may be achieved given the 

motorized objective assembly but come at the expense of temporal resolution and 

experiment duration.  In particular, smaller steps are necessary for vessels exhibiting 

early networking or steeper gradients, especially those following targeted occlusions 

below.   

4.4 OBSERVED BRANCHING MEDIATED PO2 DISTRIBUTIONS 

 

 

Figure 35. Surface arteriole RBC speeds and pO2 before and after occlusion just 

upstream of cortical descent.  

LSCI provided a wide-field image of surface blood flow enabling quick targeting 

of a vascular region terminating in a descending arteriole, as seen in Figures 35 and 36A.  

Preliminary oxygen tension measurements were made in large portions of the surface and 

descending segments of the arteriole (Figure 35). An occlusion was made by 

photothrombotic clotting of the entire lumen in the surface segment of the vessel and 
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confirmed with two-photon linescans across the occlusion from upstream to downstream 

(Figure 35).  Post-occlusion pO2 measurements were performed in the same vessel down 

to a depth of 150µm (Figure 36A). 

 

 

Figure 36. Oxygen tension and blood flow following targeted occlusion.  A) Baseline 

speckle contrast image.  Two-photon imaging region is boxed and 'X' 

denotes photothrombosis location.  Scale bar = 200 µm.  B) Baseline and C) 

post-occlusion pO2 maps in descending arteriole, gradient downstream of 

occlusion differs with baseline (p<002, repeated measures ANOVA). pO2 

depth profile in primary descending arteriole (D) and in secondary 

descending segment (E).   Arrows denote branch points.  Error bars 

represent avg +/- s.d. over five measurements.  F) Illustration of branch 

points from (D) and (E) and imaging plane selection at a depth of 110 µm 

for (G) two-photon image and linescans in the enumerated branches. Scale 

bar = 25 µm. 
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Immediately upstream of the clot, intravascular pO2 remains consistent (90% 

confidence interval) with baseline measurements (Figs. 36B-C).  However, downstream 

there is a precipitous drop in pO2 (Figure 36C) versus baseline measurements made over 

the same spatial regions (Figure 36B), reaching absolute levels lower than that observed 

even in the deepest baseline measurement point (z = 150 µm, Figure 36D).  Given the 

low levels of post-occlusion pO2 in Figure 36D, the branch points with depth provide 

substantial pO2 elevations in the descent path.  The primary arteriole branches into a 

second descending arteriole with comparable vessel caliber half way through the depth 

sampled and results in the first pO2 increment of 26% (Figure 36E, blue trace) after 

occlusion, followed by a second branch at z=110 µm with another 26% increase in 

oxygen tension.  

Before occlusion, both the primary and secondary descending arterioles have 

similar pO2 depth profiles (Figure 36D-E, p<0.001, ANOVA repeated measures).  Two-

photon linescans can provide both flow magnitude and perhaps more importantly 

direction to highlight flow redistributions in planar vessel segments.  In Figures 36D-G, a 

31% (5 mmHg) increase in post-occlusion pO2 was observed in the primary arteriole at 

branch point ‘2’ and a 47% (10 mmHg) increase in the second descending arteriole at 

branch point ‘3’.  Post-occlusion, flow reversal is observed in both branches with RBC 

speeds at 60% (branch point ‘2’) and 12% (branch point ‘3’) of baseline (Figure 36G).  

The passive redistribution of flow through the branches does not scale directly with the 

relative pO2 increments at each branch point, highlighting that flow magnitudes alone 

may be poor indicators of relative oxygen supply when identifying bottlenecks and 

redundancy in the vascular architecture.   
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4.5 OBSERVATION OF OVERLAPPING VESSELS AND LATENT BRANCHING 

 

Figure 37. A) Baseline and C) post-occlusion LSCI; "X" marks location for targeted 

occlusion. B) Baseline and D) post-occlusion two-photon images and pO2 

measurements in pial arteriole and venule.  Arrows indicate flow direction.  

Scale bar = 50 µm.  E) pO2 depth profile in descending segment of pial 

arteriole in (A)-(D).  Error bars represent avg +/- s.d. over five 

measurements.  Baseline and occlusion pO2 gradients significantly differ 

(p<001, repeated measures ANOVA). F) Partial z-projection with vascular 

outlines shows density of regional vasculature (left) and two photon image 

at z = 260 µm depicts branching point oxygen tensions (right). Cartoon 

(center) highlights projection depths and selected planes.  Scale bar = 12 

µm. 

Speckle imaging can be used to gauge the perfusion changes following an 

occlusion, particularly surrounding the arteriole of interest.  The regional perfusion index 

is depth integrated and although does not provide the degree of vessel specificity of two-

photon linescans, it is not limited to vessels flowing in the imaging plane formed by the 

lateral scan directions.  In a mouse, baseline LSCI and two-photon imaging were 

performed to identify a pial arteriole leading to a descending segment for targeted 

occlusion in Figure 37A and 37C.  It is difficult to estimate the O2 extraction by the 

underlying tissue given surface arterio-venous oxygen tensions alone in Figure 37B and 
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37D. This is partly due to the possibility of diffusional shunting between the large 

overlapping and neighboring vessels [92,93,141] in the more elevated planes seen in the 

speckle and two photon images as well as contributions from disparate underlying supply 

and drainage regions between the surface vessels.  Ultimately, three dimensional 

mapping becomes necessary.   

pO2 measurements were made in the descending arteriole down to its first branch 

seen in Figure 37E. The shallow baseline pO2 gradient seen in the first 80 microns of 

depth may be attributed to effects from the overlapping and neighboring vasculature seen 

in Figure 36F as oxygen tensions remain within the relative measurement variability at 

each plane (see errorbars in Figure 37E).  Diffusional shunting across the vasculature can 

be noted with finer spatial sampling, as has been shown before using 2PLM  [93].  After 

photothrombosis, a 70% drop in pO2 (post-/pre-occlusion) was observed in the surface 

segment of the descending arteriole in Figure 37D, followed by a low residual oxygen 

tension of 4 mmHg in the descending segment.  Substantial branch-mediated elevation of 

oxygen tension is again apparent, though now observed much beneath the surface (19.6 ± 

1.8 mmHg, z=260µm, Figs. 37E and 37F).  Measurements more distally into this branch 

also retained comparably elevated pO2 levels versus the descending arteriole (20.2 ± 2.4 

mmHg in branch).  Physiologically, the intravascular oxygen tensions may indicate 

extreme tissue hypoxia surrounding the vessel.  Microcirculation studies observing 

substantial cell death in the cortical layers around single descending arterioles following 

occlusion may have sampled similar latent branching vessels [87,142].  The inherent 

sensitivity of the phosphorescent quenching oximetry technique noted in Figures 31C and 

31E is leveraged in mapping these residual intravascular oxygen tensions after occlusion. 



 110 

4.6 OBSERVATION OF GRADIENT REVERSAL IN PRIMARY ARTERIOLE 

Measurements of oxygen in a descending arteriole were made to a depth of 

300µm in another animal, well beyond the first branch point noted in Figure 38A.  As 

expected through the first branch, a decrease in pO2 away from the descending arteriole 

(Figure 38B left) is observed consistent with blood supply exiting the primary vessel, 

though with insufficient fluorescence contrast to measure flow dynamics. However, this 

oxygen gradient is depressed if not reversed after occlusion, as pO2 levels no longer 

decrease in the branch more distal from the junction with the descending arteriole (Figure 

38B right).  Additionally, the “u” shaped arteriolar gradient after occlusion shown in 

Figure 38C may suggest flow reversal from downstream segments now supplying the 

main arteriole and exiting at the branch point.  

 

 

Figure 38. A) Illustration of imaging plane of first branch shown in gray at a depth of 

approximately 85µm.  B) Two photon images showing baseline oxygen 

measurements in descending arteriole and first branch before and after 

occlusion corresponding to plane noted in (A).  Reversal or depression of 

oxygen gradient away from primary arteriole is observed after occlusion. C) 

pO2 depth profile in descending arteriole before and after occlusion.  Arrow 

denotes branch point.  Error bars represent avg +/- s.d. over five 

measurements. Pre- and post-occlusion pO2 gradients significantly differ 

(p<002, repeated measures ANOVA). 
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4.7 TWO PHOTON INTRAVASCULAR PO2 MAPPING SUMMARY 

 

Figure 39. Partial pressure of O2 (pO2) depth profiles of descending arterioles under 

baseline (n = 11 vessels) and occlusion (n = 5 vessels) conditions across all 

animals.  Symbols represent unique arterioles over 10 animals.  “Early” 

branching is noted as occurring at z ≤ 150 µm, while “latent” occurring after 

this depth.   

Our preliminary observations (Figure 39, red symbols) register the majority of the 

arteriolar oxygen tension drop in depth within the first 150 µm of descent under baseline 

conditions (n=9 arterioles across 8 animals) with no comparable drop in upstream surface 

segments over similar length scales.  After occlusion (Figure 39, blue symbols), no 

consistent pO2 depth profile seems retained and residual oxygen inflows varied with 

vascular architecture and were low in magnitude with respect to baseline.  The effects of 

early (z ≤ 150 µm) and latent (z > 150 µm) branching after occlusion can be noted across 

animals in Figure 39.  This cursory depth classification of branching is juxtaposed to the 

steep baseline gradient observed in the elevated planes.  In particular, the residual 

perfusion levels, oxygen tension maps, and vascular labeling as shown may be useful for 
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examining the potential communicating roles of vessels within the regional microvascular 

network. 

Other studies using the probe PtP-C343 have begun to corroborate the drop in 

baseline pO2 with cortical depth  [92].  Also, Average pO2 radial gradients in the 

parenchyma up to the edge of the blood brain barrier have also been shown from 

clustered depth sections with interstitially injected PtP-C343  [82].  

Consumption by the vessel wall and blood brain barrier remains to be quantified. 

In the cat brain, the radial gradient from intraluminal to perivascular pO2 has shown a 1 

mmHg drop per micron of vessel wall thickness in pial vessels using Clark electrode 

measurements [84]. In the hamster brain, a seminal study showed a pO2 drop from 43 ± 3 

mmHg in the terminal arterioles of the rat pia to 26 ± 3 mmHg in post-capillary venules, 

corresponding to a ∼38% drop in blood oxygen content [85].  After compensating for an 

approximate wall thickness loss, the adjusted intravascular values would be 73 mmHg in 

arterioles and 36 mmHg in venules, amounting to a ~53% depletion, and in keeping with 

the intravascular levels we have observed in arterioles (Figure 39), post-arteriole vessels 

and some venules (not shown).  A high density electrode measurement study of the rat 

brain  [81], found perivascular pO2 in the pial microcirculation was on average 58 ± 11 

mmHg (82 ± 9% saturation) at the arterial end, fell to 41 ± 11 mmHg (59 ± 18% 

saturation) by ∼260 µm downstream and further dropped to 38 ± 12 mmHg (54 ± 18% 

saturation) in fifth-order/post-capillary venules (13 ± 6 µm diameter). This rate of oxygen 

extraction is three times greater than observed in the microvascular network of the 

hamster retractor muscle (at rest).  Given the nearly three-fold higher metabolic rate of 

the brain (CMRO2: 1.5 x 10
-2

 ml O2 · min
-1

 · g
-1

 [86]) versus resting skeletal muscle (4.4 

x 10
-3

 ml O2 · min
-1

 · g
-1

, [87]), the result is not too unexpected. 
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4.7a Physiological perspectives 

Ultimately, as the surface arterioles penetrate into the underlying cortex, several 

factors may contribute to the observed baseline oxygen depletion with depth: (1) the 

metabolic demand of the surrounding cortical tissue; (2) limited anastomosis in 

penetrating segments versus the surface [86]; (3) the change in the peri-vascular or blood-

brain-barrier morphology [89]; and (4) changes in the vascularized fraction of the tissue 

sections with depth [143].  Further categorization by branch order, vessel size, and 

maximum depth of arteriole descent will be necessary before and after targeted 

occlusions.  All these factors are measurable through labeled in vivo preparations 

followed by two-photon imaging as referenced.  Particularly, 2PLM examination of the 

oxygen extraction in the resting and functionally activated brain will help corroborate 

previous findings of Clark electrode  [81] and phosphorescence lifetime measurements 

made immediately outside the vascular lumen of cortical arterioles in small 

animals [81] [82].  Perhaps more conclusively, this implementation can be used to bridge 

the findings of studies utilizing the more classical and invasive oximetry techniques for 

examining microvascular networking [81,144,145].   

As presented, the combined optical technique can be used to highlight possible 

bottlenecks as well as redundancy and collateral supply by means of selective occlusions.  

Hemodynamic studies attempting to localize and quantify net oxygen extraction for 

interpreting cerebral metabolic rates [146] and fMRI signals [147] will benefit from 

selective and scalable flow alterations to decouple the effects of multiple vessels while 

obtaining flow-correlated intravascular oxygen tensions.  The impact of reductions in 

intravascular oxygen tension on the metabolic health of the surrounding tissue may be 

obtained from two photon autofluorescence lifetime microscopy of NADH [148,149] as 

well as imaging of neuronal structural dynamics [61].  In order to further examine the 
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functional layout of the microvascular network, occlusions and measurements may be 

scaled to increasing number of vessels.  If expansive, the impact on cognitive function 

can be examined with the presence of molecular oxygen in the local microcirculation.  

We have chosen cerebral microcirculation for demonstration due to its unique 

functional layout and relevance in neural activity through neurovascular coupling, which 

ultimately benefits from a non-contact hemodynamic characterization.  Similar 

interrogations are not limited to the brain and may also be useful in other highly perfused 

systems provided the ability to establish optical access.   

4.7b Technical perspectives 

Through the combination of two-photon fluorescence and phosphorescence 

lifetime microscopy with laser speckle contrast imaging and photothrombosis, we have 

presented an all-optical, non-contact system for interrogating oxygen tension and blood 

flow within the microcirculation.  Specifically, we highlight the utility of using 2PLM for 

examining a large range of absolute oxygen tensions with three dimensional sectioning.  

Our measurements [150] were largely limited to single arterioles due to long 

acquisition times for occlusion studies which lead to the sparse sampling of vasculature.  

Beyond systemic pulse oximetry, oxygen tensions in two cortical arterioles were 

monitored for physiological variability (Figure 40) where repeated baseline depth profiles 

were observed to not significantly differ over comparable experiment durations to the 

occlusion studies.  Chronic monitoring over multiple days may further elucidate any 

variability, while periodic systemic arterial blood gas analyses may be appropriate for 

acute settings.   
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Figure 40. Repeated baseline measurements of oxygen tension in two descending 

arterioles over an experiment duration matching that of descending arteriole 

occlusions in Sections 4.2-4.4.  The pO2 depth profiles are statistically 

indifferent (p>0.05, repeated measures ANOVA). 

Acquisition times may be improved by increasing phosphorescent signal strength 

through higher intravascular concentrations of the oxygen probe and tuning the nonlinear 

excitation wavelength further into the near-infrared to take advantage of the probe’s 

improved two photon absorption cross-section [83].  This may also require use of more 

red-shifted vascular labeling fluorophores for structural contrast.  Acquisition times may 

further be improved for more expansive lifetime measurements by recently reported 

frequency multiplexed implementations [151].  Additionally, current and emerging 

excitation sources for two-photon microscopy can provide sufficient signal to background 

for imaging to at least 700 µm beneath the dura mater [152–154].  This may be sufficient 

to reach most of the functionally relevant cortical layers of the mouse brain [124], but an 
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assessment of the degree of out of plane signals will be necessary, as the sectioning 

ability may become coarser with deeper (z>400 µm) measurements in vivo.   

4.7c Assessing and addressing limitations 

The degree of tissue hypoxia in the immediate vicinity of the arteriole occlusions remains 

to be studied in vivo through intrinsic and/or exogenously introduced sensors.  Such 

studies will be necessary for examining the efficacy of therapies aimed at neuroprotection 

and flow restoration. Given only single arteriole measurements were made, it is 

challenging to generalize the effect of our observed pO2 gradients, especially given the 

disparity in the vascular anatomy (i.e. low, medium, and deep cortical penetration) and 

the restriction of the phosphorescent sensor to the vascular compartment.  The extension 

of the technique to more intravascular measurements, including arterioles, capillaries, and 

venules, as well as examination of occlusion impacts on neuronal structures integral for 

neuro-activity (e.g. dendritic spines) requires further optimization and retooling.   

4.8 TWO PHOTON LIFETIME MAPPING IMPROVEMENTS AND LIMITATIONS 

4.8a Hardware and Software Additions 

The current system implementation utilizes PMT detection in a dual optical 

channel configuration, which can be cursorily denoted as red and green wavelength 

sensitive paths.  The anticipation of emission signals due to endogenous and exogenously 

labeled tissue fluorescence, blood plasma labeling, and far red to NIR phosphorescence 

must particularly be considered for neuro-tissue and neurovascular imaging in particular.  

The acquisition and display software is organized to enable sharing of the red channel for 

imaging and phosphorescence detection.  These acquisitions are never simultaneous, 

where the former requires routine raster scanning while the latter is a point measurement 

at a user-defined location within the raster scanned image.  Therefore, a software 
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controlled relay was deemed appropriate to automatically send the red PMT signal for 

digitization to the DAQ board for imaging or to the photon correlator board for lifetime 

measurements when the acquisition is normally signaled to do so through the user 

interface.  Initially a physical transfer of the signal cable was performed.  This is 

inefficient for making large scale tissue oxygen measurements for namely two reasons: 1) 

the signal transition between imaging and lifetime measurements is cumbersome and 

time consuming if done repeatedly, as is often necessary to verify immobility of each 

image plane for anesthetized in vivo specimens and 2) the instability of the animal in 

vivo is exacerbated if measurement time is prolonged.  Initially, an electronic relay 

switch with digital control was selected. However, excessive electronic noise was being 

transferred to the photon counting board resulting in errant dark counts that biased the 

lifetime measurements in locations with low SNR and effectively reducing the dynamic 

range.  To facilitate better signal isolation a solenoid relay was selected to that would 

physically redirect the signal lines when the solenoid fired.  The switching time, on the 

order of hundreds of milliseconds, with the physical relay is experimentally tolerable.  

Lifetime measurements with and without the switch ascertained no significant electronic 

noise added from the switch implementation.  The feasibility of switching back and forth 

from structural to localized functional lifetime imaging is seamlessly integrated into the 

software to allow verification of point measurement location in light of any animal 

movement. The utility of this particular implementation, with the physical firing solenoid, 

for multi-purposing of PMT channels has been noted in commercial multi-photon 

systems as well, such as those from Prairie Technologies, Inc. (Middleton, WI).   
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4.8b Software Automation (multi-point, vessel segmentation) 

As suggested above, the transition to making high density lifetime measurements 

in each imaging plane is laden with making several point measurements of intravascular 

phosphorescence lifetimes.  In the initial software configuration from which the 

measurements summarized in Section 4.7 were obtained, each spatial measurement was 

first individually beam-parked using the scanning mirrors and second individually 

initiated by triggering the gating of the excitation source at the predefined repetition rate 

and duty cycle (Figure 31B) while simultaneously outputting a reference pulse for timing 

of the detected photons by the Becker & Hickl lifetime acquisition software.  At the 

minimum, within the GUI implementation 5 fields or signals needed manual selection 1) 

parking of the beam at desired location in image, 2) average optical power, 3) gated mode 

operation parameters, 4) initiation of gated mode operation, and 5) initiation of photon 

counting board recording.  

 There was room for automation of several of these parameters which was 

implemented first by enabling multiple points to be selected from the GUI and transferred 

to an array of bi-axial locations and second by generating a trigger signal to initiate 

photon counting board acquisition.  Thereafter a subroutine was generated to transition 

the beam parking from the first location to the last, while waiting the specified amount of 

time to make the lifetime measurements and sending the acquisition trigger signal to the 

counting board.  The Becker & Hickl lifetime acquisition software includes a trigger 

signal mode which facilitated this operation.  The multi-point acquisition will also 

facilitate cross-vascular to tissue measurements of oxygen tension if the probe is 

introduced into the neuropil either by pressure-injection, blood-brain barrier disruption, 

or chronically through enhanced permeability of damaged or neo-vasculature.  
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 Finally, since the phosphorescent probe is a large macromolecule (65 kDa) 

administered intravascularly for most experiment designs and also therefore more likely 

to be confined vascularly in the brain, the selection of points is often routine and ideally 

deterministic as well. Therefore, we have prototyped and are evaluating a vessel 

segmentation algorithm that 1) binarizes and then 2) skeletonizes the two-dimensional 

vascular image based on the pixel intensity density (Illustration 4).  Finally, 3) a grid of 

points can be cross-referenced with proximity to the skeletonized vascular image and 

bounded by the borders of the binarized image. These points are where the 

phosphorescence measurements will be taken using the automated multi-point selection 

described above.   

 

Illustration 4:  Automated point selection algorithm for intravascular phosphorescent 

measurements.   

The automatic point selection algorithm confers greater benefits in the superficial 

image layers where the vessels are flowing parallel to the imaging plane.  Depending on 

the field of view, the points selected are either manually or automatically over a dozen in 
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number (Figure 41).  A consequence of this selection is that inter-user selections are 

assuredly more correlated, which facilitates cross-animal comparisons and within animal 

comparisons conducted over time by different individuals.   

 

 

Figure 41.  Two Photon User Interface (MS Visual Studio and NI Vision tools) of image 

display, processing, and automatic point selection for lifetime 

measurements.  “Acquire” button triggers raster scanned image acquisition 

and displays an image in bottom window.  Point selection can be manual by 

clicking in regions in image or by selecting “Get Points” which opens an 

alternate image window showing machine vision selection of points overlaid 

on acquired image.  “Acquire Lifetime Data” gates the EOM for 

phosphorescent excitation and triggers the Becker & Hickl software for 

acquisition of lifetime measurements while automatically parking the beam 

iteratively from point to point. 

Currently, the point search algorithm is based on proximity to the vascular 

skeleton and bounded by the binarized image.  It relies on a predefined grid of points for 

examining proximity.  This ensures the points lie within the vasculature, but not 

necessary in the geometric center identified by the skeleton image.  The skeleton image 
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itself is a result of several erosion and dilation operations over varying kernels that are 

hidden from the user and temporally rapid enough to appear instantaneous. A suggested 

alteration to the algorithm would rely solely on the skeleton image for selecting points by 

downsampling by a user-selected amount, in order to control the density of vascular 

measurements over the spatial length scales of the scanned images. Ultimately the 

functionality benefits from lower functional data acquisition times by optimizing operator 

input by reliably selecting measurements of interest.  This is minimizes the 

instrumentation downtime between decisions, and standardizes the point selection 

criteria.  

4.8c Saturation: Excitation Dependence 

The 6µM intravascular concentration used for the oxygen probe, PtP-C343, is below that 

suggested by the probe manufacturer of 15-20 µM for in vivo two photon measurements.  

The use of a lower concentration was due to limited probe quantity on hand.  A 

consequence of this low concentration is less phosphorescence generation from the two 

photon excited focal volumes as power is increased, due to saturation of the probe 

content in that volume.  This saturation effect is measurable by computing the power law 

dependence of the output photon counts dependent on the input photon power.  Ideally, a 

square law dependence is desired over the range of powers utilized for two photon 

imaging.   

 Figure 42A represents the typical power dependence observed for the in vivo 

concentration of PtP-C343 in an aerated solution.  A boxplot of the calculated pO2 values 

(Figure 42B) and the corresponding peak photon counts (Figure 42C) observed are also 

presented.  Typically, the peak photon counts are used to adjust the input power during 

measurement acquisition to meet and exceed a level that guarantees the SNR calculated 
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and reported in Section 4.2.  The variability in the pO2 measurements is also greatly 

improved over the power threshold outlined in Figures 42B-C.  However, these input 

power levels begin to encroach on the saturation of the focal volume.  Over all powers 

this is observed as a slope of ~1.7 (ideally 2). While the lower range of powers retains the 

ideal two-photon ratio, the powers resulting in sufficient SNR and tolerable measurement 

variability exhibit saturation effects (i.e. slope < 2).   

 

Figure 42. A) Log-log plot of average input power versus output photon counts. B) 

Median and quartiles of extracted pO2 measuremetns dependent on input 

power.  Dash line bounds lower end of typical powers used for 

phosphorescent measurements C) Peak photon counts readable during 

lifetime acquisitions useful for practical bounding of SNR of measurement 

by varrying input power. 

The effects of saturation can be alleviated by improving excitation efficiency in 

the focal volume, either increasing the concentration of phosphorescent molecules or by 

reducing the spatial resolutions (i.e. effective focal volume enlargement).  Increase probe 

concentration can be supply prohibitive but be the most feasible way to improve 

measurement efficiency.  Alternatively, the focal volume can be enhanced by 
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eitherreducing the NA and thereby increasing the focal volume while adjusting for any 

excitation efficiency loss through back-end excitation power or by retaining the full NA 

but averaging multi-point photon counts either through sequential measurements or 

through beam multi-plexed configurations.     

 

 

Illustration 5:  Phosphorescence excitation paradigm using  modulation of traditional A) 

mode-locked Ti:Sapphire excitation sources versus B) regeneratively 

amplified sources and the likely emission signal profiles.   

Another option is to use higher peak power sources that drive higher two-photon 

excitation and may effectively expand the excitation volume by the improved excitation 

efficiency. With a regenerative amplified Ti:Sapphire laser, such as the RegA 9000 

(Coherent Inc.), micro-Joule pulse energies are typical, nearly three orders of magnitude 

higher than that achievable with the seed mode-locked Ti-Sapphire laser traditionally 

used for two photon microscopy. With pulse compression, these regenerative amplifiers 

can also achieve comparable 10
1
-10

2
 femtosecond pulse widths, resulting in greater peak 

intensities for facilitating nonlinear excitation while sacrificing pulse repetition rates (250 
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kHz vs. 76 MHz, Illustration 5).  After amplitude modulation, the peak and average 

powers achievable can be constrained for physiological imaging and lifetime 

measurements.  An empirical assessment of the damage threshold will ultimately govern 

the dynamic range.  

 

 

Figure 43.  Phosphorescence emission from Oxyphor G4 (Platinum-porphyrin) using A) 

traditional high repetition rate source (Mira 900B, Coherent, Inc.) and C) a 

regeneratively amplified source (RegA 9000, Coherent, Inc.). Integrated 

phosphorescence dependence on excitation power for B) Mira and D) RegA.   

An extreme example of this effect is the assessment of nonlinear excitation of a 

one-photon (e.g. low two-photon cross-section) oxygen probe, such as Oxyphor G4 

(Figure 43). Typical 5 kHz gating of the 76 MHz Ti:Sapphire pulse train (Mira 900, 
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Coherent Inc.) was compared with a single RegA pulse picked at a comparable rate 

scaled down from its full repetition rate (248.6 kHz). Saturation effects are clearly 

observed for the low two photon cross-section probe given the power dependence on the 

Mira excitation intensities.   In fact, slope of this relationship (Figure 43B) would suggest 

one-photon absorption processes.  However, with the RegA a square dependence (Figure 

43D) of the phosphorescence on the input intensity is observable (e.g. two photon 

excitation), and the total phosphorescent count range is made comparable to that of the 

Mira excitation but achieved with a much smaller range of average excitation intensities.  

At the minimum, the saturation effects exhibited by traditional two photon probes 

should be alleviated with the higher peak power excitation sources. Furthermore, the 

possibility of nonlinear excitation of traditionally one-photon probes may also open up 

the field of potential molecular oxygen sensors to three-dimensional mapping as well. 

However, these efficiency improvements come at the expense of obtaining and using 

amplified excitation sources, while also requiring characterization of safe power ranges 

for biological imaging.  
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Chapter 5: Application and Deployment 

Functional brain mapping has largely benefited from optical imaging of 

exogenously, and increasingly endogenously (i.e. transgenic), labeled animals for 

elucidating neural connections and vascular coupling in vivo [155].  There may be no 

current consensus on the number of neurons, glial cells, and microvascular beds that need 

to be simultaneously imaged, stimulated, and manipulated to probe fundamental 

physiological and patho-phsyiological questions concerning the cerebral tissue and 

generally the nervous system. However, the development of imaging approaches that 

leverage functional information with the structural over extended spatial and temporal 

scales will ultimately guide and standardize what is observable.   

From the preceding chapters two distinct optical modalities are presented: 

1) Multiple Exposure Speckle Imaging (MESI) – a technical and quantitative 

improvement on traditional Laser Speckle Contrast Imaging (LSCI) that relies 

on inversion of intrinsic dynamic light scattering signals for widefield camera 

imaging of microvascular flows and perfusion. 

2) Two Photon Lifetime Microscopy – a three-dimensional, microscale oximetry 

technique relying on molecular probes undergoing phosphorescence 

quenching for sensing local oxygen tension within femtoliter-order focal 

volumes often in fluorescently labeled microvasculature.  

We now discuss the deployment of these imaging techniques in the study of 

neurovascular physiology particularly in the case of remodeling following 

photothrombotic lesions.   
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5.1 FUNCTIONAL DEFICITS MIRRORING BLOOD FLOW WITH BEHAVIORAL OUTCOME 

The scalability of photothrombotic lesions with excitation of intraperitoneally 

administered Rose Bengal is being examined in eliciting functional sized lesions with 

chronic behavior monitoring and blood flow imaging with MESI.  Such a longitudinal 

study is now possible due to the validated ability (Chapter 2) to retain a quantitative 

baseline map of blood flow to correlate with the behavioral analysis.  Particularly, 

unilateral cortical lesions can be made in the motor or sensory cortex of the cranial 

window implanted mice.  MESI imaging is conducted over a baseline period preceding 

the lesion and in the week(s) following.  The cortical lesion can be quantified by 

computing the blood flow deficit relative to baseline, in terms of relative inverse 

correlation times of the speckles.  Spatially, the infarct can be characterized by the 

regional expanse of the deficit as projected in the two-dimensional inverse correlation 

time images.  The interpretation of the imagery must be put in light of the findings in 

Chapter 3, which indicate that large vascular regions and parenchymal spaces may not be 

amenable to direct cross-comparison.  Therefore, an appropriate chronic statistical 

measure must be evaluated and selected for interpreting the output of the flow imaging.   

Behavioral monitoring entails assessing the level of reliance on the forepaw 

examined for either pre-trained or untrained motor tasks. Motor function has been shown 

to improve with skilled training, or motor enrichment, by promoting cortical plasticity 

following a unilateral infarct of the sensori-motor cortex [156–158]. Structural two 

photon imaging of fluorescent protein labeled neurons in the peri-infarct cortex has 

revealed extensive reorganization of neuronal dendrites co-localized with blood vessels 

radiating away from the lesion core after a stroke [60]. The reperfusion of the infarct core 

has been correlated with recovery of dendritic spine densities in the late phases of 

recovery [159]. However, the onset, recruitment, and causal relationships between these 
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responses have not been explored as they relate to improvements in motor function. More 

generally, the neuroanatomical changes that underlie the reorganization need further 

elucidation, especially the potential role that vascular changes may play. The developed 

techniques can be applied in addressing these shortcomings by in vivo imaging to 

determine the relationship between motor improvements and recovery of blood flow.  We 

particularly examine the use of MESI and 2PLM respectively in characterizing the 

photothrombotic occlusion model that was introduced in Chapter 1 and utilized in 

Chapters 2 and 4 as part of an all optical examination of microcirculatory networks.   

Initially, we have begun to examine the post-occlusion blood flow dynamics that 

occur with spontaneous motor recovery in mice (Figure 44).  Cranial window implanted 

mice were forelimb trained on a pasta matrix reaching task (PMRT) until they could 

retrieve more than 7 pasta pieces (~70% of maximum) per training session. Once this 

criterion was met, mice were included in the study and initially monitored for behavioral 

variability.  Thereafter, MESI imaging was performed before and after inducing a cortical 

lesion to establish a temporal relationship between blood flow recovery and functional 

improvements.  
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Figure 44. A) Flow changes from occlusion in a mouse over several imaging sessions. B) 

Segmented temporal analysis of ICT by vascular or parenchymal 

categorization.  C) Behavioral metrics from pasta reaching task performed 

before and after inducing infarct.  Y-axis represents percent change from 

baseline, where baseline is defined as the average number of pasta pieces 

broken over the 3 days preceding photothrombosis. D) Nissl staining of a 50 

µm thick coronal section through the lesion centered FOV representing 

location and state of infarct near Day 20.  
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Mice were examined before and after receiving a unilateral cortical infarct to the 

forelimb area of the motor cortex. Mice underwent MESI imaging at 3, 5, and 11 days 

after receiving the photothrombotic lesion (Figure 44A). Vascular and parenchymal 

regions were segmented by using an algorithm that incorporated a pixel magnitude 

threshold, edge detection, and a fill factor to select the entire vascular lumen.  The 

segmentation parameters were actively adjusted for each imaging session.  Other 

segmentation methods may also be viable, as suggested in Section 3.1. 

Upon occlusion onset (Figure 44A-B), cortical blood flow initially dropped to 

30% of baseline over both parenchymal and vascular regions in the FOV, which was 

followed by a rapid recovery with flows returning to baseline levels around Day 6 and 

thereafter.  The vascular fraction remained slightly reduced at the terminal imaging 

session 11 days following occlusion.  The reduction in blood supply noted on the day of 

stroke occluded a section of an arteriole in the functional region stemming from the 

middle cerebral artery.  However, proximal branches of the anterior cerebral artery were 

spared. By Day 11, substantial reperfusion of the MCA originating arterioles is evident 

just proximal to their cortical penetration, and the ACA arterioles remain patent as well 

(Figure 44A).  Behavioral measures (Figure 44C) register a large reach deficit on the 

third day following stroke, but then measure better performance followed by a return to 

baseline behavior by Day 20.   

Nissl staining of a 30µm coronal section with toluidine blue exhibits the endpoint 

lesion size and location (Figure 44D).  The stain is selective for Nissl bodies found 

predominantly in polyribosomal structures in the soma and processes of neurons and glia.  

The absence of the stain in cortical layers would be indicative of an absence of cells 

while a substantial agglomeration of the stain would either suggest closer cellular packing 

or the release of intracellular contents. The transient nature of the vascular infarct, as 
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observed by cortical microcirculatory imaging, may correlate with the likely superficial 

repair exhibited by the histology.  However, the deeper infarct remains and cortical flows 

alone appear insensitive to any underlying flow reductions which would be quantified by 

parenchymal measurements. This prototypical experiment highlights three metrics for 

correlation 1) chronic cortical flow mapping, 2) chronic behavioral monitoring and 3) 

histological endpoints.  Usually such studies are heavily reliant on the second two 

measures by piecing together multiple endpoints in different animals to characterize the 

various stages of remodeling.  However, the chronic flow imaging expands this paradigm 

for within animal correlations that are less susceptible to cross-animal variability.   

  

 

Figure 45.  A) Speckle inverse correlation time images (ICT) of cortical flows before and 

after stroke.  B) Behavioral monitoring of pasta reaching task as a success 

percentage of baseline.  C) Three Nissl stained coronal sections (50 µm 

thick, 300µm spacing) from anterior to posterior.  Arrow indicates location 

of infarct. 

Observed infarcts that created more persistent deficits can be useful for further 

testing the relationship between blood flow and chronic behavioral deficits. Figure 45 

highlights this approach with the functional region, as identified through species based 
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skull coordinates, to a region corresponding to the motor forelimb.  The occlusion is 

centered over several ascending and descending segments of arterioles and venules 

respectively, using the same dosimetery of the photo-thrombotic agent and photo-

activation irradiance as the animal in Figure 44.  Characteristically, the stroke has a much 

larger expanse spatially and temporally with sustained full occlusion of the penetrating 

segments observable to day 3 (Figure 45A).  This may be due to occlusion of collateral 

supply routes (i.e. both ACA and MCA segments).  Behaviorally, the greatest reach 

deficit was also observed 3 days after stroke. The deficit is sustained chronically 

thereafter, though with slightly better and variable levels of performance, albeit all below 

baseline levels.  The Nissl stained section (Figure 45C), corroborate the presence of an 

infarct spanning nearly all cortical layers down to the white matter tract. 

5.2 FUNCTIONALLY TARGETED DEFICITS WITH BLOOD FLOW AND OXYGEN MAPPING 

The induction of a functional deficit is predicated on the identification of the 

functional region of interest.  In this section, we use a piezoelectric vibrator to stimulate 

the contralateral forepaw in a cranial window implanted mouse while simultaneously 

imaging cortical flow with LSCI for high temporal resolution flow imaging.    Sensori-

cortex activation is likely with the selected stimulus.  Figure 46 highlights the functional 

activation response in terms of a relative flow index over the field of view.  Higher 

inverse correlation times relative to baseline are observed over an 800µm wide centro-

lateral region encompassing surface and likely downstream parenchymal 

microvasculature (Figure 46B).  The 5ms exposure has been previously shown to be 

optimally sensitive to functional activation flow dynamics in rats [109]. Given the 

conclusions of the physical speckle study in Chapter 3, the increased perfusion is a result 

of a larger product of the number of moving particles and their respective speeds.  The 
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number density of concern for vessels is proportional to their linear dimension, which 

would be physiological sensitive to lumenal dilation in the case of functional activation 

as well.  The time course of the functional activation (Figure 46C) in the area with 

maximal response exhibits a causal temporal relationship with the stimulus onset and 

lasts approximately 6 seconds before returning to baseline.   Shorter exposures highlight 

surface vascular responses to the activation while longer exposures accentuate that of the 

parenchyma, which also exhibit higher percent changes in speckle inverse correlation 

times from baseline. 

 

 

Figure 46.  A) Speckle contrast image (5 ms exposure) of cortical microcirculation.  Scale 

bar = 300 µm.  B) Relative single exposure LSCI computation of inverse 

correlation times (rICT) at 5 ms exposure highlighting flow changes over 

the field of view. 25 stimulus events were average with 30 second gaps.  C) 

Time course of ICT dynamics from an 800µm square region bounding the 

area with maximal response in (B). D) Relative dynamics sampled at 

various exposure durations with the same scale range as shown in (B). 
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Figure 47.  A) Chronic speckle imaging of cortical perfusion in speckle functional 

activation mapped mouse.  Core regions with flow <10% of baseline are 

identified by black outline.  Penumbral boundaries are denoted by white 

outline. Vessel and parenchymal segmented perfusion analysis of the entire 

FOV (B) and in the ischemic core alone (C).   

A photothrombotic occlusion was made of the primary arteriole’s descending 

segment in the functionally activated region (Figure 47A) and chronic imaging over the 

selected functional regions was commenced.  Reductions in flow were monitored and 

classified by vascular and parenchymal dynamics over the entire FOV (Figure 47B) and 

in the core infarct (Figure 47C) identified by under 50% of baseline perfusion at stroke 

onset.  Over the entire FOV (Figure 47B), flow estimates suggest a return to baseline 

lives in the vasculature 3 days after stroke, while parenchymal levels remain on average 

at 50%.  A transient penumbral region occupies most of the field of view, and by Day 7 

both parenchymal and vascular flows compare well to baseline, though in the absence of 

full reperfusion of the targeted vessel.  In fact, the vascular fraction increases relative to 
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the parenchymal on Day 7, indicating surface level vascular remodeling and collateral 

flow shunting.  Examining the core region alone (Figure 47C), presents a temporally 

prolonged infarct returning to 75% of baseline by Day 7 with a small increase in vascular 

fraction, suggesting small scale or nascent remodeling with the reperfusion.   

 

 

Figure 48.  Chronic two photon lifetime microscopy of functional activation region 

identified with speckle imaging.  Three imaging sessions are shown 

comprising baseline, stroke, and 7 days following.  Oxygen tension values 

in terms of the partial pressure of molecular oxygen (pO2) are overlaid over 

two photon intensity projections of fluorescein labeled vasculature. SNR of 

tissue pO2 measurements are on average 13 dB versus 24 dB for vascular 

measurements. 

Further identification of the ischemic core region can be performed with two 

photon lifetime microscopy (2PLM), which can ascertain if vascular remodeling is 

occurring at higher resolution and more importantly be used to examine the integrity of 

nutritive flow, particularly from the perspective of dissolved oxygen tension.  Therefore, 

chronic two photon imaging of the targeted area was also conducted at strategic time 

points over baseline, stroke day and 7 days thereafter.  Multiple baseline oxygen 

measurements should and were performed to evaluate physiological stability.  The 

baseline measurements were separated by 4 days with no significant difference in 
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intravascular oxygen tension.  Stroke measurements were made not only intravascularly 

but also by way of leakage of the phosphorescent probe (MW=65 kDa) into the tissue 

compartment confirmed by presence of the larger dextran conjugated plasma fluorescent 

label (MW=2MDa) in the extravascular space.  The oxygen tension in the targeted 

arteriole branch registered a 60 mmHg drop (70mmHg baseline, 10-15 mmHg post-

occlusion), suggesting even lower oxygen tension in the surrounding tissue.  Examining 

the phosphorescent lifetimes from the leaked probe distally confirms tissue oxygen 

tensions as low as 7 mmHg, some of the lowest levels reported in tissue applications of 

the phosphorescence quenching technique. One week thereafter, the intravascular levels 

in the large artery rise to 60 mmHg, while the main arteriole branch supplying the 

parenchyma localized with the functional response (Figure 46) has only slightly 

reperfused.  There remains marked stenosis with the luminal caliber a tenth of baseline 

but carrying a similar oxygen tension of ~60 mmHg.  Tissue measurements also show 

comparable oxygen tension to those of baseline capillary vessels suggesting the presence 

of nutritive correlates of surface healing.  However, the degree of vascular reperfusion 

into deeper cortex remains to be examined.  Increasing the fraction of inspired oxygen 

has not been successful in clinical trials and at times been deemed toxic for improving 

neural outcomes.  The duration and onset of the application of hyperoxia or techniques 

aimed at increasing localized tissue oxygen tension will be better served through chronic 

validation studies that can monitor and three-dimensionally map absolute oxygen 

tensions.  These maps can be used to examine the ischemic regions and identify the 

stages of remodeling and reperfusion.   

Overall, the chronic hemodynamic monitoring in this animal has spanned 

structural to functional information for assessing spontaneous vascular remodeling from a 

targeted insult to a functionally identified region of the cortex by means of a combination 
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of intrinsic and exogenously labeled optical signals. The techniques of multiple exposure 

speckle imaging, two photon lifetime microscopy, and photothrombosis have established 

a non-contact means of probing such physiological processes by preferential 

hemodynamic monitoring and perturbation.    

5.3 DEPLOYMENT CHALLENGES AND OPPORTUNITIES 

In order to improve processing times of Multi-Exposure Speckle Imaging (MESI) 

the constrained fitting of the contrast values to the camera exposure duration was 

transferred from the MATLAB scripting environment to a C-language implementation of 

the Levenberg-Marquardt nonlinear least squares minimization. This enabled pixel by 

pixel computations resulting in true inverse correlation time images at VGA (640x480 

pixels) resolutions over a reasonable period of 2.5 minutes on a parallelized quad-core 

x64 computing architecture.  Converting the raw image to a speckle contrast image is 

comparably instantaneous (~400 full frames per second) relative to fitting for the 

correlation times.  The full field images from this processing are presented in the current 

and preceding chapters covering MESI applications and validations. Each pixel therefore, 

requires ~0.5 msec of computation time.  For real-time imaging, pixel-by-pixel 

calculation is unfeasible, but ROI selection is more prevalent. Also, flow information is 

predominantly desired from regions spanning single to multiple vessels, comprising a 

functional resolution much coarser than a single pixel.  Therefore, for real-time analysis 

up to 30 regions of interest may be selected for maintaining an update rate of 30 

measurements per second.  However, with the fewest necessary (i.e. optimal) exposures 

identified in Chapter 3, acquisition rates would be at best 6 measurements per second 

which place an upper limit on the availability of data for processing.  Given this 

acquisition constraint, the number of ROI’s that can be computed and simultaneously 
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updated with the imaging acquisition would number over 300, likely sufficient for 

simultaneous processing at the temporal resolution of the acquisition. Cursorily, this 

could be implemented by dividing a VGA resolution image into 300 adjoining sectors, 

each averaging a 30x30 pixel region. Motivated by the fact that spatial contrast is already 

computed using a 5x5 or 7x7 kernal, the suggested degree of spatial (e.g. pixel) 

integration for correlation time fitting may be further tolerable. However, as discussed in 

Chapter 3, cross-vascular comparisons would benefit from correction by the vessel 

caliber weighting factors, while parenchymal regions may also be better served by 

separate comparisons and statistical models. 

Ultimately, key advantages of the speckle technique are its relative simplicity in 

implementation, scalability, adaptability to existing optical systems, and relative cost 

effectiveness.  However, a challenge remains in leveraging these technical benefits with 

the nuanced interpretation and analysis of its generated imagery.   Analysis of speckle 

contrast imagery has often been relegated to examining the contrast values alone for a 

qualitative assessment of regional flow dynamics.  If statistical models relating the 

contrast and exposure duration to the correlation times of the speckle are not utilized, a 

nonlinear relationship between the speckle contrast and motion will further confound the 

ability to make accurate relative comparisons.  Single exposure implementations may be 

misguided to exposure selection by compensating for laser irradiance limitations and 

collection deficiency to fill the dynamic range of the camera instead of selection by 

sensitivity to sample flow distributions of interest. Thus, multiple exposures 

implementations are more appropriate. Furthermore, the comparisons between resolvable 

vasculature without compensating for predictable variations in the dynamic scattering are 

notable concerns especially when comparing flow magnitudes between large supply and 

draining vessels.  A conscious awareness of these issues will facilitate the quantitative 
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use of speckle contrast imaging for both acute and chronic studies, particularly when used 

as quantitative correlates for more qualitative observations, such as behavioral 

monitoring. 

The application of MESI towards microcirculatory characterization of the 

photothrombotic occlusions has highlighted notable concerns with depth sensitivity 

which may be addressed by deep two photon imaging to analyze both the presence and 

absence of flows, their magnitudes relative to baseline or surface vasculature, and the 

vascular fraction of the tissue with depth. The depth sectionability of typical two photon 

microscopy though is limited beyond a few hundred microns and facilitated by the use of 

longer wavelength sources at sufficient power for excitation in scattering tissues, as 

alluded to in the discussion of pO2 quantification with depth (Chapter 4, Section 7). The 

characterization of the layout, patency, and oxygen content of vascular network is not 

only critical for interpreting the depth-integrated imaging modalities but also the 

physiology of the tissue of interest and the devastating effects of clinically relevant 

pathologies.  Ultimately, all pre-clinical studies of potential therapies are in dire need of 

quantitative correlates to advance discovery and predict efficacy, especially in studies of 

neurovascular disease models.   

5.3 CONCLUSIONS AND BROADER IMPACT 

At the bench-side, over a 1000 interventions for ischemic stroke have shown to be 

effective in animals, most of which can be classified as neuroprotective measures [160].  

However, none of these interventions has shown any statistical benefit in patient outcome 

in clinical trials.  The disparity between the results of bench-side research and the clinic 

may be attributable to 1) animal studies being poor models of the human neurovascular 

disease and 2) the poor design of pre-clinical research that errantly assigns significance 
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and viability to potential treatments.  The problems with the former could be the lack of 

physiological correspondence between humans and animals coupled with the lack of 

proper development of the disease model, where the long-term progression and various 

forms of the disease in humans are often elicited quickly and homogenously in animal 

models.  Additionally, the human and animal physiology must be carefully studied, 

mapped, and cross-examined, with particular emphasis on the vascular architecture of the 

human and rodent cortex in the case of ischemic stroke.  Disease models must at best 

mimic the localization and progression of the various forms of the disease if not the onset 

mechanisms. In this regard, the mechanisms underlying scalable photothrombosis utilized 

in the prototypical applications of this thesis must be validated as well.   

The second reason for failure of stroke interventions may be a result of 

methodological disparities between the design of laboratory studies and clinical trials.  

The clinical trials have strict restrictions on patient inclusion or categorization, 

investigator and patient blindedness, randomization of subjects, reporting of positive as 

well as negative outcomes, and standardization of performance metrics, statistics, and 

evaluation scales, particularly for physical and cognitive states.  Bench-side research 

varies in nearly each of these control measures and outcome reports are often 

quantitatively only assessed by endpoint histology.  These shortcomings may degrade the 

overall study quality and the potential translatability of the research.  Therefore, pre-

clinical studies need quantitative metrics similar to those used in the clinic that not only 

characterize the disease models but assess potential therapies by measuring neural 

activity, vascular perfusion and patency, and tissue oxygenation and nutrition with 

parametric values to correlate with the myriad of ordinal metrics currently employed.  In 

this regard, the optical imaging modalities developed, validated, and deployed in this 

thesis may be used to interrogate healthy and patho-physiologies with resolutions and 
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sensitivities leveraged for in vivo examinations.  A critical aim of the development and 

systematic validation of these imaging techniques is to improve study designs for 

alleviating the societal burden of disease, particularly that of the leading cause of chronic 

disability, ischemic stroke.   
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Appendices 

The information presented in sections 1-4 of the Appendix are intended for further 

derivation and explanation of the inversion expressions and animal preparations 

developed for the evaluation of the respective optical imaging modalities.  

APPENDIX 1. DYNAMIC LIGHT SCATTERING PHYSICS 

The electric field autocorrelation can be specifically defined as: 
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Illustration 6:  A) Speckle contrast image of the mouse cortex highlighting variable size 

surface vasculature. B) Illustration of scattering from red blood cells in 

varying size blood vessels. C) Single and multiple intravascular 

scattering in terms of scattering vector and particle velocity vector.   

In the absence of knowing every path, a single scattering event can be defined by 
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Taking expectation over all photon paths (or dynamic scattering events, Nd) to get 

 dsgsPg s )()()( 11  ,  

where P(s) is the probability distribution of the photon paths for a given imaging 

geometry.  Table 4 lists these solutions for a backscattering geometry and two possible 

mean squared displacements. 
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APPENDIX 2. DERIVATION OF THE SPECKLE VISIBILITY EXPRESSION  

The general multiple exposure speckle visibility expression can be defined in terms of the 

second moment of the intensity autocorrelation function, which is related to the field 

autocorrelation function through the modified Siegert relation.  The second moment can 

therefore be explicitly expressed as: 
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sss EEI  and *
fff EEI   are the intensity 

contributions from the statically and dynamically scattered light, respectively.  β is a 

normalization factor accounting for speckle averaging, polarization, and coherence 

effects. 

We now derive the speckle visibility expressions for each case in Table 5, beginning with 

the simplified forms of g1(τ) from Table 4. 
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Case 1A: Single dynamic scattering, Brownian motion particle dynamics 
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By letting )1(2
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f , defining cTx / and incorporating the 

static variance due to noise and non-ergodic light we arrive at the following speckle 

visibility expression equivalent to Equation 3.2: 
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Case 1B. Single dynamic scattering, Bulk flow particle dynamics 
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 By letting )1(2
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f , defining cTx / and incorporating the 

static variance due to noise and non-ergodic light we arrive at the following speckle 

visibility expression equivalent to Equation 3.3: 
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Case 2A: Multiple dynamic scattering, Brownian motion particle dynamics 
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 By letting )1(2
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f , defining cTx / , weighting by the 

number of dynamic scattering events dN , and incorporating the static variance due to 

noise and non-ergodic light we arrive at the following speckle visibility expression 

equivalent to Equation 3.4: 
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Case 2B: Multiple dynamic scattering, Bulk flow particle dynamics 

The case of multiple dynamic scattering and Gaussian velocity distribution 

renders an almost identical mathematical expression of the field autocorrelation function, 

g1(t), to that of Case 1A.  Therefore, the derivations of the visibility expression are 

identical but with the addition of the dynamic scattering, dN , weighting factor for the 

multiple dynamic scattering statistical formulation. Thus, the visibility expression 

equivalent to Equation 3.5 is: 
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APPENDIX 3. DERIVATION OF STERN-VOLMER EQUATION 

Generally upon incident radiation, the phosphorescent molecular probe is 

electronically excited to an excited singlet state, where al electron spins are paired. A 

transition of excited electronic states occurs with or without any vibrational relaxations 

by means of a relatively fast intersystem crossing to a triplet state, where the electron 

spins are no longer paired with the ground state.  

Triplet state vibrational relations may occur followed by either radiative or non-

radiative decay back to the singlet state.  The radiative relaxation from the triplet state to 

the ground state is termed phosphorescence with a decay rate of kr, and will require 

electron spin reversal to achieve pairing again.  Non-radiative relaxation methods such as 

internal conversion may also occur with a decay rate of knr. Alternatively, collisional 

events with triplet state molecular oxygen may quench the phosphorescence, and can be 

modeled as first order reaction with a decay rate proportional to the product of the 

quenching constant the concentration of dissolved oxygen, kq[O2].   

Therefore, the rate equation can be expressed as: 

  ][][
][ *

2

*

POkkk
dt

Pd
qnrr  , where ][ *P  denotes the number of phosphorescent 

molecules in the excited triplet state.  Assuming the concentration of the quencher, 

molecular oxygen, is much higher than that of the excited phosphorescent probe then the 

rate equation can be integrated to give: 

  tOkkkPP qnrro ][exp][][ 2
**   

The lifetime in the presence of quenching can then be expressed by inversion of 

the collective decay rate: 

][

1

2Okkk qnrr 
 .  In the absence of quenching the lifetime can be expressed as: 
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nrr
o

kk 


1
 , which can be used to as to normalize the decay rates in the presence 

of quenching expressed by the lifetime as: 

nrr

qnrro

kk

Okkk






][ 2




, which can be simplified to a linear expression between o

and [O2], known as the Stern-Volmer equation: 

 ][1 2Ok oq
o 



 . 

Using Henry’s Law for dissolved gases at the sample temperature, the molecular oxygen 

concentration, [O2], may be related to the partial pressure, pO2, as follows: 

22 1][1 pOkOkk oq
o

Hoq
o 









 .  Alternatively, the lifetimes may be interchangeably 

calibrated against a standard that quantifies either the partial pressure of oxygen or 

dissolved oxygen concentration in a solution that matches the pH, atmospheric pressure, 

temperature, and salinity of the intended sample.   
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APPENDIX 4. 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 (male CD-1 or C57, 25-30g, Charles River) were anesthetized with 80% 

N2/O2 vaporized isoflurane (2-3%) via nosecone.  Temperature was maintained at 37˚C 

with a feedback heating plate (World Precision Instruments Inc., Sarasota, FL).  Vitals, 

including heart- and breath-rate, were monitored via pulse oximetry (MouseOx, Starr 

Life Sciences Corp., Oakmont, PA). Prior to sterile surgery, mice were administered 

carprofen (5mg/kg, subcutaneous) and dexamethasone (2mg/kg, intramuscular) for anti-

inflammation and restriction of edema after skull removal, respectively.   

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 was shaved and resected to expose skull 

between bregma and lambda skull sutures.  A 2-3 millimeter diameter portion of skull 

was removed with a dental drill (0.8mm burr) with frequent ACSF 

perfusion.  Cyanoacrylate (Vetbond, 3M, St. Paul, MN) was added to exposed skull areas 

to facilitate dental cement adhesion.  A 5-8mm round coverglass (#1.5) was then placed 

with a layer of ACSF over the exposed brain.  The dental cement mixture was wicked 

around the perimeter of the cover slip and sealed to surrounding skull, while retaining 

gentle pressure on coverslip to keep an air-tight seal for sterility and to restore intra-

cranial pressure.  A layer of cyanoacrylate was applied over the dental cement as well to 

fill porous regions and further seal the cranial window.  Animals were allowed to recover 

from anesthesia and were monitored for cranial window integrity and behavior normality 

before imaging.  
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