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Optical coherence tomography (OCT) is a revolutionary non-invasive imaging technique that can 

perform high-resolution, cross-sectional tomographic imaging of the internal microstructure in 

biological tissues by measuring backscattered or backreflected light. Its functional extension, 

OCT angiography (OCTA), analyzes the intrinsic scattering property of the heterogenous tissue 

bed to extract dynamic blood flow signals to the capillary level without a need of contrast agents. 

Aside from the commonly known application of OCTA in clinical ophthalmology for imaging 

the retinal blood flow in human subjects, the technique has recently emerged as a useful tool in 

pre-clinical neuroscience for imaging cerebral microcirculation and dynamics in rodent models. 

The main goal of this thesis is to progress with the application of OCT/OCTA in neurovascular 

research and solve questions in neurovascular functions and associated disorders, including 



 

ischemic stroke, aging, and Alzheimer’s disease. To achieve this goal, firstly, novel mouse 

cranial window techniques will be developed together with series of OCTA algorithms to image 

the cerebral blood flow in mouse brain that covers capillary, pial and penetrating vessels. Then, a 

newly developed method, OCTA capillary velocimetry, will be applied to investigate the 

capillary flow pattern adjustment during neurovascular coupling and brain oxygenation. Next, 

vasodynamics of pial and penetrating arterioles of the cerebral collateral network will be 

unraveled in rodent models of ischemic stroke, upon which new details of a vascular self-

protective mechanism will be revealed. Lastly, the multifunctional OCTA will be applied for a 

comprehensive investigation of aging-associated cerebral vasculature and blood flow changes 

that give indications to Alzheimer’s disease. 
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Chapter 1. INTRODUCTION 

1.1 SIGNIFICANCE AND RESEARCH MOTIVATION 

The energy requirements of the cerebral cortex, the outer neural layer of the brain responsible for 

the complex brain functions [1], are met almost exclusively by oxidative metabolism of glucose, 

necessitating continuous delivery of oxygen to the tissue from flowing blood thorough a highly 

organized and dense vascular network  [2]. Therefore, characterizing the cerebral vasculature and 

circulatory behavior in vivo at high resolution is crucial for understanding brain’s functions and 

dysfunction. Non-invasive imaging of cerebral blood flow is therefore indispensable for both 

research and clinical cares, tremendously helping with our understanding of the neurovascular 

system and the treatment interventions of neurovascular diseases and neurometabolic disorders. 

 

Figure 1.1. Organizations of cerebral vascular network [2]. 

 

A unique organization of the cortical vascular network is presented in Figure 1.1. In the cerebral 

cortex, a mesh of pial arteries and veins lies on the cortical surface. Penetrating arterioles and 

venules branch off the pial vessels and transverse the thickness of the cortex, supplying dense 

arrays of capillaries. Through decades of research, our understanding of this vascular system 
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continues to advance with imaging technologies. From the macroscopic modality, such as 

magnetic resonance imaging (MRI), in clinical settings, to the microscopic techniques, such as 

two-photon microscopy (TPM), in experimental research, a common goal of pursue has been 

imaging with high spatial and temporal resolution, while being non-invasive to the native 

neurovascular environment. However, neither quality has been proven easy to be achieved. MRI 

assessment of blood flow often requires injecting paramagnetic contrast agents into the patient’s 

blood stream [3], which is also limited in spatial resolution (arteriole level in best cases) and 

temporal resolution (hours). TMP is capable of ultrahigh resolution (~1 µm) imaging with 

fluorescent markers, and have been used to map the detailed vasculature in rodent cortex [4]. The 

temporal resolution for obtaining functional blood flow information in TMP, such as red blood 

cells (RBC) velocity, is extremely poor, taking hours to measure a few vessels. Other optical-based 

techniques, such as laser speckle contrast imaging (LSCI) [5] and intrinsic signal optical imaging 

(ISOI) [6], are also options to monitor the neurovascular interactions, which can measure the rapid 

relative changes of blood flow and oxygenation in the cerebral vessels during neural activation in 

a large transverse field of view. Nevertheless, these techniques are limited to two-dimensional (2-

D) hemodynamic mapping, mostly in pial vessels, lacking the ability to reveal important 

information in penetrating and capillary networks.  

Currently, there is a critical limitation in the field of neurovascular research: to efficiently 

image the uniquely structured cerebral vasculature and obtain functional blood flow information 

at capillary-level resolution in vivo. To overcome the limitation of imaging in previous research 

and help with solving the outstanding questions in neuroscience, I will apply the functional optical 

coherence tomography angiography (OCTA) in mouse models to investigate the neurovascular 

functions and neurovascular disorders, including ischemic stroke, aging, and Alzheimer’s disease. 
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In the following sections, I will briefly introduce the OCT imaging modality and a variety of its 

functional extensions to be applied in this thesis.   

1.2 Optical coherence tomography (OCT) 

OCT is an imaging modality analogous to ultrasound, but measuring the backreflected light waves 

from the biological tissues instead of sound waves. OCT is being rapidly developed since it is non-

invasive, label-free, and generates three-dimensional, high-resolution images of the biological 

sample in vivo. Here, I will illustrate how these characteristics can be achieved through going over 

the basic principle of OCT. 

1.2.1 Principle of OCT 

OCT is an interferometric technique, which analyze the interference signals between a split and 

later re-combined broadband optical field [7]. An early OCT system, also known as time-domain 

OCT is shown in Figure 1.2. It consists of an interferometer with a low coherence and broad 

bandwidth light source. The light (Ein) passes through a beam splitter and is split into two beams, 

where one travels in a reference path (Er) to a reference mirror, and the other beam goes into the 

biological samples (Es). The detected backscattered signals (Eout) from the reference mirror and 

the sample generate an interference pattern with maximal intensity if the optical path length from 

both split paths are matched to within the coherence length of the light source. By changing or 

scanning the position of the reference mirror, depth-resolved tissue reflectivity can be 

reconstructed from the interference pattern, which is recorded as a one-dimensional intensity 

profile along the axial (depth) direction (A-line). Due to the slow mechanical scanning of the 

reference mirror, however, the speed of the time-domain OCT is limited, with the A-line (one 

depth scan) scanning rate achieved at a maximum of ~8 kHz. 
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Figure 1.2. Schematic illustration of time-domain OCT [7]. 

Basic OCT system based on a Michelson interferometer. Ein: incident light; Er: reference light; Es: sample 
light; Eout: detected light.  
 

1.2.2 Fourier-domain OCT 

Instead of physically scanning a reference mirror, a later version of OCT detects the backscattering 

signals in frequency domain, which directly encodes the time delay information in spectral 

interferogram. It can be shown that a Fourier transform of spectral interference data provides 

information of the sample along the depth which is equivalent to the one obtained by moving the 

reference mirror. This version of OCT is often referred to as Fourier-domain OCT (FD-OCT). 

Spectral-Domain OCT (SD-OCT) is a sub-category of FD-OCT. In SD-OCT (Figure 1.3), the 

reference mirror is stationary, and the interference pattern is split by a grating into its frequency 

components and all of these components are simultaneously detected by linear detector. Frequency 

information from all depths of one A-line in tissue is acquired in parallel and converted to an 

intensity profile by a simple operation of the Fourier transformation of captured spectral 

interferogram.   
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Figure 1.3. Schematic illustration of SD-OCT [7]. 

Basic SD-OCT system based on a Michelson interferometer. Ein: incident light; Er: reference light; Es: 
sample light; Eout: detected light.  
 

The introduction of spectrometer and frequency domain detection have improved the image 

acquisition speed dramatically, to between 26K to 100K [8], and the implementation of broadband 

light source with broader bandwidth enhances the axial resolution to between 10 µm to 2 µm [9]. 

A higher signal-to-noise ratio (SNR) is also achieved. These advantages enable the FD-OCT to 

image not only the 3-D tissue microstructure but also dynamic information, such as in vivo blood 

flow, using its functional extension: OCT angiography. 

1.3 OCT DATA STRUCTURE 

As introduced in the previous section, an A-line (or A-scan) from OCT 

scans represents the depth information in one-dimensional space. This 

dimension is referred to the z-axis in the following context. The second 

dimension can be obtained by making multiple A-scans in the transverse 

direction to form a B-scan (OCT cross-sectional frame) in the x-axis, and the three-dimensional 

(3-D) imaging can be achieved by making multiple B-scans in the y-axis that composes the 
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tomographic images to a volumetric dataset. An en face concept is often used to visualize the 

projection of a 3-D dataset from the x-y plane from the entire depth, or at a designated depth 

(orthoslice).  

1.4 OCT ANGIOGRAPHY (OCTA) 

The basic concept of OCTA is to use the moving particles, for example, the RBC in the blood 

vessels, in the biological tissues as an intrinsic contrast to map blood flow without a need of dye 

injections. Shown in Figure 1.4, when observing two types of OCT signals over time, the signal 

backscattered from tissue components (a and d) remains steady for there is no movement in the 

static tissue, while the backscattering signal from blood vessels (b and c) changes over time as the 

RBC tumbling and moving while flowing in the blood stream. By calculating the OCT signals 

acquired at the same location at different time points (M-scan), moving particles is discriminated 

from the static tissue to generate angiograms. 

 

Figure 1.4. OCT signals of dynamic and static tissues.  

A simplified schematic figure of the concept of OCTA. Signals are sample from four different points (a, 
b, c, and d) in the M-scan, where a, d are located at the static tissue, and b, c are located within a 
functional blood vessel. Dynamic changes in the OCT signals for b and c are observed over time while 
the other two remain steady.  
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OCT signal is naturally a complex function, consisting of amplitude and phase information, 

and can be expressed in the Equation 1.1:  

𝐶"#$ 𝑥, 𝑧, 𝑡 = 𝐼(𝑥, 𝑧, 𝑡)𝑒./0(1,2,3) (1.1) 

where I indicates the amplitude competent and Φ represents the phase component in an OCT 

signal. Various OCTA algorithms have been vigorously developed in recent years to extract the 

flow signal based on different components of OCT signals. Methods include phase-signal-based 

OCTA [10]–[12], intensity-signal-based OCTA [13]–[16], and complex-signal based OCTA [17], 

[18] are all proven practical to extract dynamic blood flow information from the living tissue bed. 

Due to the space limitation, here I only describe the OCTA algorithms to be applied in the thesis.  

1.4.1 Optical microangiography (OMAG) 

OMAG is a representative of complex-signal-based OCTA algorithm, proposed firstly by Wang 

et al. in 2007 [17] and then refined into a later implementation in 2010 [19], [20]. The rationale of 

including both phase and amplitude components in the OCT signals here is to improve the sensitive 

of flow detection. The flow signal based on OMAG algorithm is calculated by subtracting 

consecutive complex signals, as shown in Equation 1.2:  

𝐹𝑙𝑜𝑤𝑂𝑀𝐴𝐺 𝑥, 𝑧 = 	 1
𝑁−1 𝐶𝑖+1 𝑥, 𝑧 − 𝐶𝑖(𝑥, 𝑧)𝑁−1

𝑖=0   (1.2) 

where N indicates the repetition number of B-scans at the same transverse location, and 𝐶𝑖(𝑥, 𝑧) 

indicates the complex signal (carrying both intensity and phase values) in i-th B-scans at lateral 

location x and depth position z. As indicated in the equation, the final flow intensity is obtained by 

calculating the average of the absolute values of the complex signal differences in each B-scan 

pair. In its first demonstration [17], the number of B-scans at each transverse location was set to 

4, determined based on the tradeoff between imaging time and SNR. Though 2 B-scans at the same 
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location would be sufficient to detect blood flow with good image quality [21], we have used 8 

repeated B-scans in the cerebral blood flow imaging to enhance the SNR for capillary flow 

contrast. With the use of Hilbert transformation, OMAG is also able to discriminate the directions 

of the moving RBC relative to the incident OCTA beam direction, and therefore, OMAG can 

further provide the flow image either with our without directional information [22].  

1.4.2 Doppler OMAG (DOMAG) 

Taking the advantage of OMAG, a phase-resolved Doppler OCT technique was combined to 

develop DOMAG [23] to map the axial velocities of the blood flowing in functional vessels within 

tissue beds in vivo. The application of OMAG to firstly reject the static tissue signal from dynamic 

blood flow before applying the phase-resolved methods makes DOMAG more sensitive to flow 

velocity detection within the microcirculatory network. Then, the phase difference (Δ𝜑(𝑧)) 

between adjacent A-scans of OMAG flow signals is calculated to realize the flow axial velocity 

(𝑣𝑎𝑥𝑖𝑎𝑙):  

𝑣𝑎𝑥𝑖𝑎𝑙 𝑧 = 	 𝜆Δ𝜑(𝑧)4𝜋𝑛Δ𝑡       (1.3) 

where Δt is the time interval between adjacent A-lines and n is the refraction index of the tissue. 

Accordingly, longer Δt is required for detecting slow velocities, which might still be insufficient 

to detect irregular and slow RBC flow in capillaries. Later on, a variation of DOMAG was 

introduced [24] by choosing A-lines at various time points, to have change multiple Δ𝑡s, for 

analyzing the Doppler signal. This method is important in the investigation of impaired blood flow 

within microcirculatory tissue beds, because it can provide Doppler analyses over a wide velocity 

range from capillaries to arterioles and venules, providing useful information to aid in the 

assessment of whether the blood flow within injured region of interest is compromised or ceased 

to flow.  
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This method is implemented to the current application of DOMAG in the evaluation of blood 

flow characteristics in the cerebral penetrating arterioles, a group of vessels mostly perpendicular 

to the cortical surface, being most sensitive axial flow velocity detection. In addition to the axial 

velocity of the penetrating arterioles obtained with DOMAG, the rate of the blood flow can be also 

obtained using the flow area integration method: 

𝐹 = 	 𝑣2 𝑥, 𝑦 𝑑𝑥𝑑𝑦	
1M	NOPQR      (1.4) 

According to a validation in the previous study [25], this procedure does not require explicit 

calculation of the vessel angle. By knowing the cross-sectional occupying area of the penetrating 

flow from an en face cut in the 3-D volume (orthoslice), the flow rate of the chosen vessels can be 

deduced, and the area total flow, also referred as cerebral blood flow (CBF) in the following 

studies, can be obtained by measuring multiple penetrating arterioles in a cortical region.  

1.4.3 Eigen-decomposition OMAG (ED-OMAG) 

An eigen-decomposition (ED)-based method was firstly demonstrated in 2011 [18] with OMAG 

in order to minimize the false-positive flow signals resulted from the tissue motion for OCTA. In 

this method, the OCT signal at each voxel in the 3-D volume was modeled as a superposition of 

three independent components: tissue signal (the clutter components coming from stationary or 

slowly moving tissue structures), hemodynamic signal, and system noise. Due to its best mean-

square approximation of the clutter, eigen-regression filters could theoretically provide maximum 

clutter regress, and thus could successfully remove the bulk motion while preserving the flow 

information. The ED-based algorithm was later improved in 2014 with a multiple signal 

classification method (MUSIC) [26]. The MUSIC method was capable of decomposing the 

backscattered OCT signal into orthogonal basis functions and distinguishing the flow signal caused 

by moving RBC from static tissue and system noise. The angiography results with this method 
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outperform the flow images using phase-compensation method or static high-pass filtering to 

remove the bulk motion and is thus being implemented in the most current version of ED-OMAG 

for a variety of in vivo applications. More importantly, the flow signal obtained using the MUSIC 

approaches is amenable to provide quantifiable flux information about the dynamic blood flow, 

which was validated with a phantom study using OMAG [26]. A further improvement of the 

method has been made to develop the ED-based OCTA capillary velocimetry, which is illustrated 

in the next section.  

1.4.4 OCTA capillary velocimetry 

The MUSIC method only provided flow velocity of relatively large functional blood vessels, with 

no indication of its possibility to quantify capillary flow and microcirculation behavior. A most 

recent development has used an alternative model-based statistical analysis approach of the ED-

based analysis to estimate the frequency component of the dynamic OCT signals due to moving 

RBC from high-speed scans [27], which finally achieved large-scale quantitative capillary velocity 

measurements in the chaotic tissue bed. The basic idea of this method is observing in the repeated 

A-scans (50 repetition in this case), the total energy in the received OCTA signal equals the sum 

of all the eigenvalues. Therefore, the eigenvalue distribution must be a measure of the signal 

spectrum. In SD-OCT, the spectrum can be regarded as the generalization of the Fourier power 

spectrum. Figure 1.5 shows a typical eigenvalue spectrum with their represented signal makeup. 

The static signal can be suppressed to retain blood flow signal through applying eigenregression 

filtering, such as removing the first eigenvalue in this case.  
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Figure 1.5. Eigenvalue spectrum analyzed from mouse cortical tissue.  

Typical eigenvalue spectrum where 30 eigenvalues are analyzed from the signals representing static tissue 
components, dynamic motion signals, and system noise.  
 

The power spectrum of the signal is the Fourier transform of the autocorrelation function 

defined as:  

𝐺𝑥 𝜔 =	 𝑅𝑥(𝜏)𝑒−𝑖𝜔𝜏𝑑𝜏
∞
−∞      (1.5) 

If the frequency components have spectral support on the interval (−𝜋, 𝜋), the signal power 

indicating the presence of blood flow can be simplified as follows: 

𝑃 = 	 𝐺(𝜔)𝑑𝜔X
.X        (1.6) 

The mean frequency (MF) of signal frequency spectrum, 𝜔Y, representing the mean velocity of 

blood flow within the scanned tissue volume; and he bandwidth frequency (BF), 𝐵[, of the 

frequency spectrum, which is related to the flow fluctuation (temporal velocity heterogeneity) can 

be defined as Equation 1.7 and Equation 1.8, respectively.  

 
𝜔Y = \

]
𝜔𝐺(𝜔)X

.X 𝑑𝜔       (1.7) 

 𝐵[ = \
]

(𝜔 − 𝜔Y)[𝐺(𝜔)
X
.X 𝑑𝜔    (1.8) 
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The estimation of spectral moments can be obtained using the well-known lag-one autocorrelation 

equation given by the following equation:  

𝜔^ =
_]` [
[X

𝑎𝑟𝑔 𝑅 1 ^ , for 𝑅 1 ^ =
\

cd.\
𝑒^∗(𝑚)𝑒^(𝑚 + 1)cd.[

Ygh ,  (1.9) 

where is the lag-one autocorrelation value for the 𝑘′th eigenvector, 𝐹𝑃𝑆 is the sampling rate, and 

𝑁l is the number of eigenvectors. At this point, the frequency content of the individual 

eigenvectors, with the spectral band information and the eigencomponents that represent them 

are obtained. Here, one frequency measure of interest is each eigenvector’s MF. Figure 1.6 

provides the relationship between frequency and eigenvectors, presented in box-whisker plot 

form, which were evaluated from 10 volumetric scans from a mouse brain in vivo. The red 

squares connected with a black dashed line indicate the MF of each eigenvector. Combined with 

the energy spectrum of Figure 1.5, a conclusion were made that the highest energy is associated 

with the highest eigenvalue, representing the static or slowing moving signal, correspond to the 

eigenvector of lowest frequency.  

 

Figure 1.6. The relationship between frequency and eigenvalue.  

The relationship between frequency and eigenvalue (eigenvector) presented in box-whisker plot form. 
The results were obtained and evaluated from 10 3-D scans of rodent brain in vivo. 
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The proposed ED-based capillary velocimetry was validated with a phantom experiment in 

microfluidic channels perfused with 5% intralipid solution with multiple predefined flow 

velocities.  The advantage of MF analysis in flow velocity estimation is clearly observed (Figure 

1.7). The OCT signal power decomposed by ED that is related to the OCTA signal intensity 

increases with velocity but approach plateau, which agrees with previous publication [28], 

indicating its relationship with flow flux (Figure 1.7d). On the other side, the relationship between 

MF and velocity among all channels is shown linear, which indicate a one-on-one relationship 

between MF to the flow velocity regardless of the channel size (Figure 1.7e).  

 

Figure 1.7. Validation of ED-based capillary velocimetry with microfluidic phantom.  

The ED-algorithm is capable of measuring the mean flow velocity in the microfluidic channels. (a) The 
structure OCT image. (b) Static tissue signal image. (c) OCTA flow image of the scanned microfluidic 
phantom. (d) The relationship between velocity and OCTA signal power within four channels. (e) The 
relationship between velocity and MF for four channels. A same linear relationship between MF and 
velocity is found with squared Pearson’s correlation coefficient of 0.983, 0.982, 0.970, and 0.920 from 
D1 to D4, respectively, among all given velocities (0~5 mm/s). 
 

The result has indicated that the new ED-based OCTA velocimetry is able to measure 

accurately the velocities in capillaries with different sizes. Furthermore, this type of statistical 

analysis, with designated scanning protocol, is able to reveal a large quantity of capillary flow 
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signal (thousands) within seconds to one minute of data acquisition, which is extremely useful for 

applying to the functional brain activity study to reveal the microcirculatory dynamics during 

neurovascular coupling.  

1.5 SCOPE OF THE THESIS 

The objective of this thesis is to apply the aforementioned OCTA algorithms to perform cerebral 

blood flow imaging in mouse models and solve questions in neurovascular function and 

neurovascular diseases. To achieve so, firstly, novel mouse cranial window surgery techniques 

will be developed in Chapter 2 to prepare for the high-resolution OCTA imaging in the deeper 

cerebral vascular bed. Chapter 3 will centrally present the application of ED-based OCTA capillary 

velocimetry to study microcirculatory dynamics during flow-metabolism coupling. Following in 

Chapter 4, a new vascular protective mechanism during ischemic stroke is discovered with OMAG 

and DOMAG by analyzing pial and penetrating arteriole vasodynamics. In Chapter 5, the multi-

functional OCTA will be applied for a comprehensive investigation of aging-associated cerebral 

vascular and blood flow changes that gives indications to Alzheimer’s disease. The last chapter of 

the thesis will summarize and make a conclusion of the research, and propose future directions 

based on the achieved.  
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Chapter 2. DEVELOPING CRANIAL WINDOW TECHNQIUES TO 

IMAGE MOUSE CEREBRAL BLOOD FLOW WITH OCTA 

2.1 BACKGROUND AND MOTIVATION 

The cranial tissue scattering is one of the greatest obstacles faced by all optical imaging modalities 

in imaging the cerebral blood flow (CBF) in vivo, affecting the image resolution, light penetration, 

and the dynamic signal detection [29]. This problem must be solved in order to obtain quantifiable 

blood flow parameters in mouse brain with OCTA.  

Two different types of mouse cranial window techniques have been previously developed by 

other studies: the traditional craniotomy, also known as the open-skull cranial window technique, 

in which part of the skull is removed and replaced with a glass coverslip [30]–[32], and the thinned-

skull cranial window technique, in which a selected area of the skull is thinned to a desired 

thickness (typically 15 µm ~ 50 µm), with an optional placement of a glass coverslip on top of the 

thinned-skull for longitudinal imaging [33]–[35]. Although both techniques have shown promise 

in several studies using two-photon microscopy [31] to image deeper and better in the brain tissue, 

their practicality for OCTA imaging has not yet been evaluated [36], neither has there been a 

comparison of two cranial window types as to their impact on cerebra blood flow imaging.  

In this first project of the thesis, I implemented and improved two types of mouse cranial 

window techniques for imaging mouse CBF using OCTA algorithms: OMAG and DOMAG. The 

ability of both types of cranial window in revealing detailed pial vessel networks and deeper blood 

flow will be compared to the intact skull. Additionally, procedural complexity, angiogram quality, 

and a vascular density quantification will be compared between two methods, upon which 

recommendations will be given to the future OCTA studies. 
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2.2 METHODS 

2.2.1 Animal models 

Three-month-old C57/BL6 mice (n=5) weighing 23 ~ 25 g were obtained from Charles River 

Laboratories.  The mouse was deeply anesthetized using 1.5 ~ 2% isoflurane (0.2 L/min O2, 0.8 

L/min air) through a nose cone and placed on a stereotaxic frame and supported by a heating pad 

to maintain body temperature during the entire experiment. After checking on the toe-pinching 

reflexes, the skin covering the cranial bone were incised and retracted, and the periosteum was 

carefully removed. Then, a microscopic image of the exposed skull was taken (Figure 2.1a). The 

mouse was then transferred to the optical table for intact-skull imaging (see 2.2.3 for imaging 

protocol). Drops of saline were constantly applied onto the cranium surface to prevent it from 

drying and becoming opaque. After baseline imaging, animal was transferred back to the surgical 

platform and two types of cranial window procedures are performed on each side of parietal bone 

(see 2.2.2 for cranial window techniques). After the surgery, another microscopic image was taken 

to compare the cortical tissue transparency to the prior taken intact skull (Figure 2.1b). Lastly, the 

two cranial windows on the same animal were subjected to optical imaging following the same 

protocol (see 2.2.3).  
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Figure 2.1. Microscopic images of intact skull and cranial windows. 

(a) Intact skull showing bregma (β), lambda (λ), and sagittal suture (SS). (b) Left: Thinned-skull window 
with 4x4 mm available imaging area. Right: Open-skull cranial window with 3x3 mm available imaging 
area. Scale bar represents 1 mm. 

 

2.2.2 Cranial window techniques  

Before starting cranial window procedures, dexamethasone sodium phosphate (0.02 ml at 4 mg/ml; 

~ 2ug/g dexamethasone) was administered subcutaneously to prevent cerebral inflammation and 

swelling/edema. The cranial surface was cleaned and dried with sterile saline and cotton swaps. 

Then, a drop of 1% Xylocaine (Lidocaine 1% + epinephrine 1:100,000 solution) is applied directly 

onto the skull to minimize the pain and bleeding from the procedure.  

In preparation of the thinned-skull window, a selected area (4x4 mm) on the left parietal bone 

~1.5 posterior and lateral to bregma was located. The thinning was performed by a high-speed 
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surgical hand drill (Foredom Electric Co., Ethel, CT, USA) with a round carbide bur (0.75 mm), 

followed by a green stone bur (Shofu Dental Corp., San Marcos, CA, USA). The skull was 

constantly wetted with sterile saline to remove the bone dust and to prevent overheating. When the 

thickness of the skull reaches ~ 30 µm with the pial vessels clearly visible through wetted bone, a 

polishing step was followed. The skull was sequentially polished with size 3F grit followed by size 

4F grit (Convington Engineering, Redlands, CA, USA). A slurry of grid and saline was agitated 

with a custom-made silicone coated drill bit. The polished skull was finally washed with sterile 

saline and the remaining bone dust are picked up by saline-soaked gelfoam.  

For the open-skull cranial window, a circular piece of skull (4x4 mm) at the region of interest 

~1.5 posterior and lateral to bregma was removed and replaced with a round coverglass (Thermo 

Scientific, Waltham, MA, USA). To do so, a circular groove was first thinned with a shaft drill 

(Foredom Electric Co., Ethel, CT, USA). The groove was drilled slowly, and saline was applied 

regularly to avoid heating. In the end, the central island of skull bone was lifted and removed with 

help of saline and replaced with a circular coverglass and sealed with cyanoacrylate glue, leaving 

the available imaging area with ~3x3 mm.  

2.2.3 Imaging protocol 

To visualize the volumetric cerebral microvasculature through the intact skull and through the 

cranial windows, OMAG scanning protocol was applied. Each B-frame consists of 400 A-lines 

covering a distance of ~2.0 mm. The imaging rate was 180 fps. In the slow axis (C-scan), a total 

number of 2000 of B-frames with 5 repetitions in each location were performed also covering a 

distance of ~2 mm. Hence the data cube of each 3D image was composed of 1024 by 400 by 400 

(z-x-y) voxels, which took ∼11 s to acquire.  
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After OMAG scans, DOMAG was performed covering the same area to map the axial velocity 

of CBF. Each B-scan in DOMAG protocol consisted of 10000 A-lines by acquiring 25 A-lines at 

each 400 discrete steps. In the C-scan direction, there were 300 discrete positions.  During the 

Doppler phase calculation, 3 A-lines were skipped during to increase the time interval between the 

used A-lines, which gives an axial velocity range of ±6.1 mm/s. The data cube of each 3D image 

(C-scan) was composed of 1024 by 400 by 300 (z-x-y) voxels, which took ∼100 s to acquire with 

6 fps imaging speed. 

To acquire the images that over a large area of the cortex, the scans were repeated to create a 

mosaic image. 

2.3 RESULTS 

The volumetric OMAG maximum intensity projection (MIP) result of pial network in mouse brain 

is presented in Figure 2.2, corresponding to the yellow dashed area in the microscopic image 

(Figure 2.1b). The pial collateral network play an important role in CBF regulation. Hence, the 

microcirculation at up to 200µm depth was targeted, which was arranged to cover the depth of 

focus of the lens. The final image, representing the CBF over the mouse cortex in the area of 

interest, was obtained by stitching and cropping 4 images together, for each side of the parietal 

bone. This procedure was applied both to baseline with intact skull (Figure 2.2a and Figure 2.2b) 

and to two cranial window cases (Figure 2.2c and Figure 2.2d) to compare the visible vessel density 

changes regarding to two different window opening methods.  
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Figure 2.2. OMAG MIP of microcirculation network up to ~1 mm depth. 

(a) and (b) With intact skull (baseline). (c) With thinned-skull cranial window. (d) With open-skull cranial 
window. Scale bar represents 0.4 mm. 

 

To identify the location of the blood vessels and to determine the remaining thickness of the 

thinned-skull, OMAG images were merged with structural OCT images for both before and after 

cranial windows. Figure 2.3 presents maximum projection view of OMAG images of intact skull 

(Figure 2.3a), thinned-skull (Figure 2.3b) and open-skull cranial windows (Figure 2.3c). Moreover, 

the cross-sectional blood perfusion and structural images corresponding to the positions marked 
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by the dash yellow lines are presented in Figure 2.3d-f and Figure 2.3g-i, respectively. From the 

cross-sectional structural images, the remaining thickness of the skull was estimated at ~20-30 µm. 

 

Figure 2.3. Cross-sectional view of the flow and structure images. 

(a) Before cranial windows (baseline). (b) After thinned-skull cranial window. (d)-(f) The blood perfusion 
images of the cross-sections located at dotted yellow lines. (g)-(i) The structural images of the same 
cross-sections. Scale bar represents 0.4 mm. 

 

Furthermore, the same area was imaged using DOMAG protocol to obtain CBF axial velocity 

mapping. The bidirectional en face MIP images in Figure 2.4 show the penetrating and rising 

vessels as green and red signals, respectively, where RBC axial velocity information is coded with 

a color bar in a range of ±6.1 mm/s. The penetrating arterioles and rising venules appear as vivid 
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green and red isolated spots. This is because their flow directions are mainly parallel to the beam 

axis, giving their axial velocity large enough to be detected at this range. However, the surface 

vessels connected to them, whose flow nearly perpendicularly to the probe beam, escaped the 

detection due to their small axial velocity. Few out-of-range flows are also observed as phase-

wrapped signals, seen as yellow color (combination of red and green). For the intact-skull case, 

although the bigger vessels can be visualized, the penetrating arterioles or rising venules are harder 

to detect as seen in Figure 2.4e and Figure 2.2f. On the other hand, Figure 2.4g and Figure 2.2h 

shows that both types of cranial windows provide better visualization of the penetrating arterioles 

and rising venules. Furthermore, similar to the OMAG in Figure 2.2 and Figure 2.3, thinned-skull 

cranial window provides larger imaging area with visibility of more blood vessels.  

 

Figure 2.4. DOMAG MIP view of microcirculation network at 50 ~ 450µm depth. 

(a-b) Shows baseline before the application of cranial windows to intact skull. (c) With thinned-skull 
cranial window (d) With open-skull cranial window. The white dashed lines represent the location of the 
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cross-sectional views (along x-z planes) shown in (e-h). White arrows point the diving arterioles and blue 
arrows point the rising venules. Scale bar represents 0.5 mm in (a-d) and represent 0.15 mm in (e-h). 

 

To quantitatively evaluate the effect of cranial window procedures on in vivo blood perfusion 

imaging, vessel density of images resulted from each type of windows was calculated. To do so, 

firstly, a same-sized region was selected from both before and after craniotomy and registered 

using the function, imregister, available in MATLAB®. Then, registered images were segmented 

for the blood vessels by creating a binary black and white image with an adaptive threshold 

technique specifically designed for OMAG blood flow images. Briefly in this method, first, a low-

pass filter was used to minimize the elements that are smaller than a specific radius size. Then, a 

global threshold was used to set to zero all the pixels below a certain threshold. Finally, a local 

adaptive threshold was implemented to binarize the image based on the mean pixel value within a 

predefined window size. The vessel density was calculated by dividing the number of ones with 

the total pixel number. Figure 2.5 shows the mean vessel density of n=5 animals with intact skull 

(baseline) and two types of cranial windows. The results indicate that as compared to baselines, 

both types of cranial window have improved the measured vessel density significantly.  The 

thinned-skull cranial window provides 60% more vascular details compare to baseline case, and 

the open skull cranial window gives 45% more details, in average.  
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Figure 2.5. Comparison of detectable vessel density for n=5. 

Box borders show the standard deviation, while lines show the middle value and white boxes present the 
mean value. 

 

2.4 DISCUSSION 

In this study, we demonstrated the feasibility of OMAG in cerebra blood flow imaging through 

cranial windows in mice in vivo. The results also revealed that both types of cranial window 

improve the imaging quality and provides higher detected cerebral vessel density. Both thinned-

skull and open-skull windows can enhance the optical penetration depths of ~1 mm below the 

cortical surface in OMAG imaging, but thinned-skull procedure results in larger available imaging 

area, which could be useful for a compressive assessment of pial collateral network (e.g. one or 

more anastomosis between major cerebral arteries) in stroke studies. In an open-skull cranial 

window preparation, craniotomy must be carefully performed to avoid damaging the blood vessels 

at the sagittal sutures, which usually results in smaller window and available imaging area. In our 

experience, additionally, the use of glue and dental cement around the coverglass edge in the open-

skull window can further deteriorates the available imaging area. As a result, in most cases, a 
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thinned-skull technique creates a larger imaging window of ~4x4 mm compare to an open-skull 

window available imaging size of ~3x3 mm. It is also noted that both cranial window techniques 

developed in this study were to image much larger cortical area than previously applied in TPM 

(~1x1 mm). 

Although both cranial window methods enhance imaging depth and quality for OMAG, they 

both bring certain invasiveness to the cerebral blood flow conditions. In the open-skull cranial 

window procedure, cerebral inflammation/eduma may be induced by craniotomy. Although efforts 

have been made to suppress the effect of inflammation, such as administrating dexamethasone, the 

procedure will still cause mild dura swelling. The effect of such inflammatory response to blood 

flow dynamics remains to be investigated. On the other hand, thinned-skull cranial window has 

preserved the integrity of the cranium, which is considered as the less invasive option. During the 

skull thinning, however, subdural bleeding may occur due to unexperienced operation. Care and 

training should be given to avoid such. 

An advantage of the thinned-skull over the open-skull method is the procedural efficiency. 

From our experience, thinned-skull method requires less surgical time (~15 min) compared to the 

open-skull cranial window (~30 min). Since the thinned-skull method does not require a 

craniotomy, the training curve to master this procedure is much shorter than the open-skull 

craniotomy for a beginner.  

There is a significant limitation for the thinned-skull cranial window as well. For longer 

duration imaging, even longer than 30 min, the remaining thinned layer of skull tissue will start to 

become opaque quickly. The thinning and polishing steps need to sometimes be repeated for 

multiple imaging sessions, such as baseline, stroke, reperfusion, etc. For a short term, a plastic 
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food wrap can help with this issue by keeping the thinned-skull window wet to preserve cranial 

tissue clarity, but the open-skull cranial window gives the most robust imaging quality among 

multiple imaging sessions. Alternatively, a polished and reinforced thinned skull [34] may be 

considered, which uses a coverglass glued onto the thinned cranium to create an imaging window, 

but this operation will result in a smaller available imaging area, similar to the idea of an open-

skull cranial window.  

2.5 UPDATES 

Since the initial application of cranial window techniques to OMAG imaging in 2014 [37], many 

improvements have been made to the surgical procedure and image scanning skills. Figure 2.6 

shows an update on OMAG image quality with an open-skull cranial window. The blood flow 

signals are falsely color-coded according to their depth to the cortical surface. Pial vasculature is 

visualized in red, immediately deeper followed by green, while capillary network is revealed in 

blue color. Currently, this large-area (4x4 mm) open-skull cranial windows are performed in the 

lab at daily basis, and used with multi-functional OCTA algorithms for many neurovascular 

applications. The cranial window techniques have greatly benefited our imaging study with mouse 

models and have made the applications in the following chapters possible.  
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Figure 2.6. Depth color coded OMAG MIP of microcirculation network. 

Colors represent blood flow at depths of 0~100 µm (red), 100~200 µm (green), and 200~300 µm (blue).
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Chapter 3. CAPILLARY FLOW HOMOGENIZATION DURING 

FUNCTIONAL ACTIVATION REVEALED BY OCTA BASED 

CAPILLARY VELOCIMETRY 

3.1 BACKGROUND AND MOTIVATION 

Normal brain function depends on the regulation of oxygen supply through bloodstream to support 

the actively changing metabolic needs [2]. The temporal and spatial relationship between neuronal 

activity and cerebral blood flow (CBF), termed neurovascular coupling [38], has been utilized and 

studied in functional magnetic resonance imaging (fMRI) [39]–[41]. Specifically, the 

hemodynamic response during neurovascular coupling has been observed in fMRI as localized 

increase of CBF exceeding that of cerebral metabolic rate of oxygen (CMRO2) [42], giving rise to 

a lower deoxyhemoglobin concentration in brain tissue and hence blood oxygen level dependent 

(BOLD) signal contrast for functional brain mapping [43]–[45]. Despite decades of effort in 

analyzing the functional relationship between CBF and brain oxygenation, our understanding of 

such flow-metabolism coupling remains incomplete. The disproportionate elevation of CBF in 

comparison to the relatively increased CMRO2 [46], [47], particularly, suggests an involvement of 

additional factors in the non-linear coupling between oxygen consumption and the extent of 

hyperemia [48]. 

Recently, Jespersen & Østergaard [49] have revisited the flow-diffusion function of oxygen, 

taking into account of the heterogeneous distribution of the red blood cells (RBC) transit times 

across capillary bed, to evaluate oxygen extraction in cerebral tissue. Accordingly, they have 

modeled the combined effects of CBF and capillary transit time heterogeneity (CTTH) on the 

maximum oxygen extraction fraction (OEFmax). Briefly in this elegant theoretical model [49] 

(Figure 3.1), the hemodynamic contribution to OEFmax is determined by both vascular mean 
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transit time (MTT), which is inversely related to CBF according to central volume theorem [50], 

and CTTH, which is quantified as the standard deviation of the RBC transit time distribution across 

capillary bed. During functional activation, the inherent reduction of OEF due to the initial CBF 

increase is counteracted by capillary transit time homogenization, hence CTTH reduction, which 

would secure sufficient oxygenation during the subsequent (or simultaneous) episodes of 

hyperemia to meet the increased metabolic demand of oxygen in the activated tissue bed. This 

model has provided biophysical support to the disproportionate increase in CBF seen in functional 

activation, and established a framework for the quantitative characterization of capillary flow 

adjustment in neurovascular coupling. 

 

Figure 3.1. Schematics of the Jespersen and Østergaard model of CTTH and MTT 

The upper thread refers to arterial tone adjustment in neurovascular coupling during functional activation, 
representing as functional hyperemia in observation with excessive increase of CBF (relative to the 
increase of CMRO2). The lower thread represents microcirculatory adjustment during functional 
activation involving capillary flow homogenization. In this work, capillary flow dynamics are modeled 
with capillary transit time τ distribution in gamma function h τ , where MTT is determined by the mean 
αβ of the gamma function and CTTH is determined by the standard deviation αβ. The OEF of the entire 
capillary bed is calculated from a single capillary contribution Q(τ) weighted by distribution h τ . During 
cortical activation, assuming CBV’=CBF·MTT is constant according to the central volume theorem, the 
inherent reduction of OEF due to decreased MTT must be accompanied by CTTH reduction (capillary 
homogenization) in order to secure adequate level of oxygenation to achieve OEFmax during functional 
hyperemia. 
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The in vivo imaging of capillary flow dynamics and the validation of CTTH hypothesis have 

challenged the current microscopic neuroimaging techniques. Bolus tracking techniques with high 

resolution two-photon microscopy (TPM) [51] or confocal laser scanning fluorescence microscopy 

[52] have been previously used to estimate MTT and CTTH in rodent brains, based on 

measurements of a bolus plasma dye passage through cortical vasculature. Due to the incapability 

of direct imaging of RBC in single capillary vessels, however, spatial distribution of RBC transit 

times at capillary bed was unobtainable for an accurate CTTH evaluation [53]. Alternatively, 

single-line scanning velocimetry using TPM measures RBC speed directly in individual capillary 

passages [54]. Despite of a promising results of capillary velocity and flux quantification using 

line-scanning velocimetry in steady-state brain [55], the technique is limited in its data acquisition 

speed (hours) [56], as well as in an inadequate sampling size (<100 capillaries) [55] for CTTH 

assessment with sufficient statistical power. Optical coherence tomography angiography (OCTA) 

has enabled three-dimension (3-D) quantitative imaging of blood flow in cerebral arteries and 

veins [57], as well as visualization of the microvasculature at capillary level by analyzing the 

dynamic scattering signals embedded within the tissue volume [17]. As OCTA obtains flow 

information over a generally large focal depth [56] in cerebral tissue together with micron-scale 

resolution [58], the limitations in line-scanning TPM can be potentially lifted by imaging a larger 

amount (hundreds to thousands) of capillaries in 3-D space within tens of seconds [59]. 

Nevertheless, the accurate characterization of capillary flow speeds with sufficiently high 

statistical power remains a challenge for the use of current OCTA technique to investigate 

hemodynamic responses during cortical activities. In a recent study, Lee et al. have developed and 

applied statistical intensity variation analysis with OCTA for tracing changes in RBC flux over 

hundreds of capillaries within ~1 s [60]. Using such high-throughput monitoring of RBC flux 
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dynamics, they have revealed capillary flux homogenization in rat somatosensory cortex during 

forepaw electrical stimulation, which showed the potential OCTA based techniques to study 

microcirculatory dynamics during neural activation.  

Recently, based on OCTA, we have developed a statistical method of eigen-decomposition 

(ED) analysis [27] to extract the frequency components of dynamic capillary flow from the 

coherent optical signals generated in high-speed OCT scans. The preliminary results have 

indicated a linear relationship between the measured mean frequency (MF) and the mean RBC 

velocity in individual capillary passages. The method has been successfully applied to quantify 

capillary flow parameters in mice by measuring thousands of capillaries in one volumetric dataset 

with 50 µs temporal resolution, which revealed MTT and CTTH differences in mouse 

somatosensory cortex before and after ischemic stroke insult [27]. 

In this project, we applied this novel approach of ED analysis with OCTA to study the 

microcirculatory adjustment during stimulus-evoked cortical activation. Guided with the 

oxygenation mapping using laser speckle contrast imaging (LSCI) [61], we performed OCTA 

velocimetry scans at both activated and non-activated cortex based on oxygen consumption, and 

correlated, for the first time, capillary flow responses to oxygen metabolism signal. We aimed to 

utilize the statistical powered OCTA results to validate, in vivo, the local CTTH reduction during 

functional hyperemia proposed in previous modeling study.  

3.2 MATERIAL AND METHODS 

3.2.1 Animal preparation 

All animal experimental procedure in this study were approved by the Institutional Animal Care 

and Use Committee (IACUC) of the University of Washington and conduced in accordance with 

University of Washington guidelines and ARRIVE guidelines. 
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C57BL/6 mice (Charles River Laboratories, n=12, 3-month-old, 23-25 g) were used under 

isoflurane anesthesia with a mixture of 0.2 L/min pure oxygen and 0.8 L/min air. Physiological 

parameters were monitored, including adequate anesthesia depth (no hindpaw reflexes), blood 

pressure, heart rate, and body temperature (36.8±0.2°C) throughout all experimental procedures. 

Cranial window procedures were conducted similar to that described previously by Li et al [37].  

3.2.2 Hindpaw electrical stimulation and laser speckle contrast imaging (LSCI) 

Two 30-gauge needles inserted into the plantar surface of the mouse hindpaw, contralateral body 

side to cranial window, were connected to +/− outputs of a square pulse stimulator (SD9, Grass 

Instruments Medical) to deliver square wave voltage pulses [59]. A 4.1kΩ resistor was connected 

between the return electrode needle and the machine output to identify the stimulus current, which 

was calculated with a peak voltage applied to the resistor detected on a digital oscilloscope. Each 

trial of stimulation consists of 20 min resting time before 30 s stimulation with an amplitude of 2 

mA in 0.3 ms duration repeated at 3 Hz. Each animal received 3 trials of electrical stimulation. 

The first trial was performed under LSCI imaging to localize oxygenation signal at HLS1 during 

stimulation. Briefly in this imaging method, a differential model [61], based on the difference in 

absorption between two wavelengths, was used to estimate the changes in oxy- (ΔHbO) or 

deoxyhemoglobin (ΔHb), and the concentration changes of Hb was mapped where Hb of 40 µM 

in the resting brain was assumed [5]. The other two trials of stimulation were performed for OCTA 

velocimetry scans, one at HLS1 region, and the other at a non-activated control region (CTRL) 

identified from LSCI oxygenation mapping.  
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3.2.3 OCTA imaging 

OCT angiograms and capillary velocity mapping were obtained using an in-house spectral-domain 

OCT (SD-OCT) system [62]. Briefly, the system was equipped with a broadband super-

luminescent diode (SLD) light source (LS2000B, Thorlabs Inc.) with a center wavelength of 1340 

nm and a spectral bandwidth of 110 nm, giving an axial resolution of ~6 µm in tissue. A 10× 

objective lens was used to focus the light into the brain subsurface cortex of the animal, providing 

a lateral resolution of ~10 µm. Details of the system configuration can be found in [24]. 

Typical cerebral angiogram within the cranial window (4×4 mm) was first produced in resting-

state brain using traditional optical microangiography (OMAG) protocol, where 400 A-lines in the 

depth axis (z) was acquired within each B-scan at A-line rate of 92 kHz, and 8 repeated B-scans 

were performed at each of the 400 cross-sectional locations (z-x). 

OCTA capillary velocimetry was then performed at HLS1 and CTRL cortex by simply 

targeting the designated cortex regions identified by the LSCI oxygenation maps. Prior to 

stimulation, capillary velocimetry scans at two regions were acquired during resting-state, then 

scans were performed during trials of electrical stimulation. The OCTA velocimetry scanning 

protocol [27] consists of 50 repeated A-lines at each spatial position, i.e. M-scan, at a rate of 20 

kHz (time interval 50 µs between successive scans). A total of 200 positions within each B-scan 

(x) and 100 spatial locations (i.e. B-scans) in the slow axis (y) were completed within 75 s, 

covering a region of 1.5×0.75 mm (x-y) with a uniform transverse sampling of 7.5 µm/pixel. 

Electrical stimulation was incorporated within the first 30 s of the volume scans.  

3.2.4 Capillary velocity analysis 

ED-based capillary velocimetry analysis was performed based on repeated 50 A-scans acquired. 

Details of the velocimetry analysis is demonstrated in our previous publication26. Briefly, 
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frequency analyses were firstly conducted using the covariance matrix of grouped A-lines (50 

repetitions), with which the eigenvalues and eigenvectors that represent the subsets of the signal 

markup were calculated. The eigen values and vectors that are due to moving RBC were isolated 

via an adaptive regression filter to remove the eigencomponents that represent static tissue. And 

then the mean frequency (MF) of moving RBC were calculated through first lag-one 

autocorrelation of the obtained eigenvectors. According to Wang et al. [27], the measured MF is 

linearly related to the mean RBC velocity in single-file passages as verified by a phantom 

experiment. All MF values in the 3-D space within the scanned tissue bed are used for calculating 

capillary flow parameters, including mean and spatial distribution of transit time. 

3.2.5 Capillary flow parameter evaluation 

All MF values were converted to velocities based on linear function [27], and the mean of all RBC 

velocities within 3-D space of each dataset is represented with mean transit velocity (MTV). For 

MTT and CTTH measurements in the capillary bed, however, transit time of the RBC must be 

resolved. In doing so, we simply adopted the method in the modeling study [49] with assumption 

of a uniform capillary path length L=400 µm to convert velocity to time. After obtaining the RBC 

transit times from velocities, the values in each 3-D dataset were plotted into a histogram 

distribution. To validate MTT and CTTH change with the modeled transit time function, where 

capillary transit time distribution is expressed in gamma function of τ modulated by shape and 

scale parameters of α and β in equation : 
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we fitted our data points on the transit time distribution to a gamma function curve to derive MTT 

from αβ and the standard deviation CTTH from αβ. These values and their alterations are then 

compared between rest and stimulation, HLS1 and CTRL, respectively. 

3.2.6 Statistical analysis 

All capillary flow parameters are expressed as mean±std. (n=12). The relative change in the 

hemodynamic parameters, such as ΔMTV, ΔMTT, and ΔCTTH, from rest to stimulation were 

statistically tested using Student t-test (two-tailed) between HLS1 and CTRL. P < 0.05 was 

considered significant. 

 

3.3 RESULTS 

3.3.1 Activation at HLS1 upon hindpaw electrical stimulation 

Spatial relationship between the cranial window and mouse primary somatosensory cortex, 

including both forelimb (FLS1) and hindlimb (HLS1), was identified using the method described 

in previous study [63] and demonstrated on the microscopic image of mouse intact skull before 

cranial window surgery (Figure 3.2a). To precisely locate the HLS1, LSCI imaging was performed 

at the cranial window during rest (Figure 3.2b) and hindpaw electrical stimulation (Figure 3.2c). 

Localized increase of ∆Hb were observed during stimulation, indicating an increased utilization 

of oxygen at the HLS1 (shown as warmer color in Figure 3.2c). The oxygenation mapping 

validated stimulus-evoked activation at HLS1 and provided guidance for the investigation of 

localized changes in capillary flow pattern in the following experiments. 
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Figure 3.2. Oxygenation mapping during functional activation 

(a) Light microscopic image giving the relative location of cranial window to the FLS1 and HLS1. Red 
dashed circle shows the location of cranial window to be created, 1 mm posterior and lateral to bregma. 
Black dashed regions indicate the approximate locations of HLS1 and FLS1 [63]. (b) and (c) ΔHb during 
rest and stimulation, respectively, overlaid with arterial angiogram inside the cranial window. Color bar 
represents Hb concentration differences in µM. The region shown with warmer color in (c) corresponds to 
a higher ΔHb level; thus, indicating oxygen consumption at the HLS1 region during functional activation. 
β, bregma; λ, lambda; SS, sagittal suture; FLS1, forelimb somatosensory cortex; HLS1, hindlimb 
somatosensory cortex. 
 

3.3.2 OCTA angiogram and velocimetry at HLS1 and CTRL 

Cerebral angiogram inside the cranial window was obtained from x-y en face maximum projection 

(MIP) of the volumetric 3-D OMAG dataset (Figure 3.3a). Within 300 µm thick slab from the 

cortical surface, the depth locations of vessel in axial space (z) are visualized with colors. Red, 

green, and blue represents vessels from surface pial vessels to deeper capillary vessels, 

respectively, with each color occupying a 100-µm thick slab as measured from the cortical surface 

(identified from 3D OCT structural image). Guided with oxygenation mapping obtained from 

LSCI, a cortical region with increased oxygenation, HLS1, and non-activated region, CTRL, were 

selected for velocimetry scans during rest and trials of stimulation. MF maps from the 3-D 

velocimetry scans are displayed with x-y en face average intensity projection (AIP) for HLS1 

during rest (Figure 3.3b) and stimulation (Figure 3.3c), and for CTRL during rest (Figure 3.3d) and 
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stimulation (Figure 3.3e). In these maps, each signal points represent an MF analyzed from 

dynamic RBC movement, with the MF value (Hz) indicated on the color bar. In each of the four 

maps, >20,000 MF signals were obtained from the 3-D space within 300 µm thick slab from the 

cortical surface.  

 

Figure 3.3. Cerebral angiogram and capillary velocity maps 
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(a) En face maximum intensity projection (MIP) of the 3-D OMAG dataset inside the cranial window 
within 300 µm depth from the cortical surface. Colors represent vessels at depths of 0~100 µm (red), 
100~200 µm (green), and 200~300 µm (blue). Dashed squares indicate regions where OCTA velocimetry 
scans were performed. The yellow square encloses the vascular bed inside activation center (HLS1) as 
indicated by previous ΔHb maps, and the white square marks a control region (CTRL) further away from 
the activation center with no noticeable oxygenation consumption change. En face average intensity 
projection (AIP) images of the 3-D MF maps are shown within 300 µm thick slab from the cortical 
surface for HLS1 during (b) rest and (c) stimulation, and for CTRL during (d) rest and (e) stimulation. 
Color bar represents MF values. The red dashed squares indicate the regions selected for velocity 
distribution analysis, avoid including large pial arterioles.  
 

3.3.3 Capillary transit time distribution change and CTTH reduction at HLS1 

Spatial distributions of MF and transit times were evaluated at HLS1 during rest and upon 

electrical stimulation. For more accurate evaluation of capillary flow dynamics, additional 

segmentation was performed to remove MF signals in larger vessels with a diameter of >15 µm, 

and MF en face projection maps after segmentation are shown for rest and stimulation (Figure 

3.4a). The MF values from these two mapping areas are plotted into a histogram distribution with 

white bars represent rest and black bars represent stimulation (Figure 3.4b). Differentiation of the 

two distributions were performed (Figure 3.4d), indicating that the RBC velocity in most of the 

capillaries are statistically shifting to slow velocity, with the counts of faster flow velocity 

becoming less. Capillary transit time were converted from MF-derived velocity, and plotted into 

histogram distribution as well (Figure 3.4c). The differentiation between the rest and stimulation 

indicates that the transit times are statistically shifting to lower value during stimulation, while the 

counts of longer transit time become decreased (Figure 3.4e). To derive MTT and CTTH values 

[49], we fitted two histograms into gamma function curves (Figure 3.4f) and calculated the MTT 

by αβ and the CTTH by αβ. From measuring the relative changes in these quantities at HLS1 

from 12 animals, we have observed 9.8%±2.2 reduction of MTT and 5.9%±1.4 reduction of CTTH 

from rest to stimulation. 
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Figure 3.4. Capillary transit time distribution at HLS1 

(a) MF maps shown are AIP from 3-D datasets within 300 µm thick slab from the cortical surface after 
removal of larger surface arterioles (>15 µm) during rest and stimulation. (b) Histogram distributions of 
MFs obtained from rest and stimulation. (c) Histogram distribution of capillary transit time during rest 
and stimulation. (d) The differentiation between the histogram functions in (b). (e) The differentiation 
between the histogram functions in (c). Black dashed lines mark the switch between positive and negative 
values from differentiations. (f) Gamma function fitting for the capillary transit time distribution in (c). 
The coefficient of determination in the fittings are R2=0.9873 for rest (dashed line) and 0.9811 for 
stimulation (solid line).  
 

3.3.4 Capillary transit time distribution at control region 

Capillary flow distribution change at CTRL are also demonstrated. MF en face projection maps 

after segmentation are shown for rest and stimulation (Figure 3.5a). From the histogram 

distribution of MF (Figure 3.5b) and transit time (Figure 3.5c), the differentiation between rest and 

stimulation (Figure 3.5d and Figure 3.5e), as well as the nearly overlapping gamma function curves 

(Figure 3.5f), one can conclude a non-significant change in capillary flow pattern during hindpaw 

electrical stimulation. Such observation was consistent in the non-activated region from 12 

animals.  
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Figure 3.5. Capillary transit time distribution at control region 

(a) MF maps at CTRL region are shown for rest and stimulation. (b) and (c) are histogram distributions of 
MF and capillary transit time, respectively. The differentiation between the histogram functions from rest 
to stimulation are shown for (d) MF and (e) transit time. Differences are not obvious between the 
probability of rest and stimulation, and no clear switch were identified from negative to positive values. 
(f) Gamma function fitting for the capillary transit time distribution where R2=0.9796 and 0.9922 for rest 
and stimulation, respectively. 
 

3.3.5 Hemodynamic parameter changes upon stimulation at HLS1 and CTRL 

The relative changes (rest to stimulation) of hemodynamic parameters are compared between 

HLS1 and CTRL. Significant differences of ∆MTV (t-test, p<0.01) (Figure 3.6a) and ∆MTT (t-

test, p<0.01) (Figure 3.6b) were observed between two regions upon electrical stimulation, which 

indicates a higher transit velocity and lower transit time of the RBC traveling in the capillary bed, 

regional to HLS1 during hindpaw electrical stimulation. Correspondingly, significant differences 

of ∆CTTH (t-test, p<0.05) (Figure 3.6c) were revealed between two regions, indicating a local 

capillary homogenization to HLS1 only, not globally across all cortical regions.  Table 3.1 listed 

the MTV, MTT, and CTTH measured from both regions at rest and stimulation. Values represent 

mean±std from 12 animals. 
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Figure 3.6. Statistical comparison of capillary parameters between HLS1 and CTRL 

Relative change of capillary parameters compared between HLS1 and CTRL for (a) ∆MTV, (b) ∆MTT, 
and (c) ∆CTTH. * represents p<0.05 and ** represents p<0.01 (t-test, two-tailed) 

 

Table 3.1. Capillary flow parameters during rest and stimulation (n=12) 

 

Capillary flow 
Parameters 
(Mean±std) 

HLS1 CTRL 

Rest Stimulation Rest Stimulation 

MTV (mm/s) 1.037±0.223 1.146±0.229 1.059±0.212 1.077±0.228 

MTT (s) 0.412±0.134 0.367±0.098 0.387±0.110 0.382±0.112 

CTTH (s) 0.233±0.079 0.218±0.070 0.229±0.063 0.227±0.059 

 

3.4 DISCUSSION 

The current understanding about flow-metabolism coupling is incomplete. During cerebral 

functional activation, for instance, CBF and glucose metabolism remain coupled as they increase 

in proportion, whereas oxygen metabolism only increases to a minor degree, so-called uncoupling 

of CBF and CMRO2 that produces BOLD signal in fMRI [42], [48]. Reports have speculated about 

the existence of a potential microcirculatory adjustment in capillary bed where oxygenation occurs. 

Using accepted diffusion properties of single capillaries, elaborate model shows that it is a basic 

property of the spatial organization of capillaries that oxygen extraction capacity depends not only 
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on tissue oxygen tension and arterial tone (as quantified by CBV, CBF and MTT), but also, to a 

large extent, on the distribution of capillary transit times. According to such, the Jespersen and 

Østergaard [51] have introduced a crucial physiological effect of CTTH reductions that seemingly 

counteract the drop in OEF that invariably occurs during functional hyperemia.  

Using the transit time parameters introduced in previous framework, we investigated the effect 

of stimulus-evoked functional activation on microcirculatory hemodynamics in the mouse brain 

cortex using OCTA velocimetry, based on ED-based frequency analysis of RBC signals within the 

ensemble of repeated OCT A-scans. This imaging approach enabled >20,000 frequency-derived 

RBC velocities to be analyzed from each 3-D tissue volume within 75 s. Reported RBC velocity 

(v) distributions were converted to transit time (τ) distributions assuming τ = L/v, where L is the 

length of the capillary path along which RBC exchanges oxygen with tissue before it converges to 

draining venules [54], [64]. We adopted the value of L=400 µm reported in the literature as a 

conservative estimate of the RBC travel length in the capillary path to obtain the transit time 

distribution, upon which the spatial heterogeneity of capillary flow, CTTH, is derived in resting 

state and during hemodynamic response. In addition, our study employed the state-of-art LSCI to 

generate oxygenation maps to reveal functional activation with an increase in ΔHb, which indicates 

relative increase in CMRO2 [5]. This provides evidence of concomitant oxygen metabolism to 

guide for OCTA scans at designated region and, for the first time, provides the validation of 

correlation of capillary flow homogenization with localized oxygen consumption. In our 

experiments, reductions in both MTT and CTTH were seen upon hindpaw electrical stimulation. 

Such changes were only observed at the cortex corresponding to hindlimb region (HLS1). The 

differences in hemodynamic response between HLS1 and the non-activated region is statistically 

significant (two-tailed t-test, ∆MTV p<0.01, ∆CTTH p<0.05). By plugging our observations into 
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the previous, we were able to confirm the correlation of capillary flow homogenization (CTTH 

reduction) with functional hyperemia (increased CBF and decreased MTT) during the increased 

demand of oxygen metabolism (increase in ΔHb) at activated tissue bed.  

The in vivo observations of reduction in MTT and CTTH also well corroborate the prior 

findings using bolus tracking with TPM conducted in similar stimulation regime [51]. However, 

the magnitude of reduction measured in this study, 9.8%±2.2 for MTT and 5.9%±1.4 for CTTH, 

is less than the estimated values when using bolus tracking approach, where decreases of 

11.3%±1.3 and 24.1%±1.6 were seen in CTTH and MTT, respectively, during electrical 

stimulation. This discrepancy may be due to the nature of signals measured. Bolus tracking 

measures the transport function of plasma dye, and their hemodynamic variables (therefore 

indicating plasma dynamics), whereas OCTA velocimetry evaluates directly the moving RBC. 

Difference between plasma and erythrocyte (RBC) transit times have been previously modeled 

and estimated (25%) [65]. Thus, MTT and CTTH values cannot be simply compared between two 

approaches. Before exact relationship of dissociation between plasma and erythrocyte transit time 

was established, OCTA velocimetry possesses an advantage in estimating RBC transit time 

distribution for capillary flow parameter measurements.  

The current method is not without limitations. It was previously reported that the most 

pronounced changes in RBC velocity and flux were observed beyond depths of 200 µm [51], 

corresponding to layer II and III [66]. The capillary velocity measurements in the current study 

were performed within 300 µm thick slab from the cortical surface that covered the region of 

significant capillary flow change. However, to avoid biased measurement in deeper cortical layer 

due to multiple light scattering that causes optical signal attenuation, inner cortex (depths >300 

µm) was not included in the analyses, and capillary flow response beyond such region remains to 
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be elucidated. In this current study, a linear relationship function between MF and capillary 

velocity was used to differentiate RBC speed information from the complex OCT signals, but the 

exact correlation considering the size and shape of RBC, hematocrit density has not been fully 

explored. Neither limitations, however, are thought to affect our comparisons of relative change 

in capillary parameters between two cortical regions to reveal localized capillary response and 

CTTH reduction to functional activation. Additionally, we notice that the measurement errors of 

the ΔMTV and ΔMTT in HLS1 are larger than those in CTRL among 12 animals. It may be 

necessary to increase the subject number and look into the criterion of ΔHb in relation to the 

changes in the magnitude of capillary transit time parameter in the future systemic investigation 

of microvascular contribution to the brain oxygenation.  

The use of isoflurane as anesthetic agent in this functional activation study was justified by 

previous observations that showed the preservation of neurovascular coupling under isoflurane 

anesthesia [67], [68]. We found isoflurane to be an easy-to-manage anesthetic drug, without 

negative effects on hemodynamics from accumulation of injectable anesthetic agents. However, 

vasodilatory effect of isoflurane [69] on capillary flow parameters in resting and functional 

activation state remains to be elucidated in awake animals.  

 

3.5 CONCLUSION 

We have investigated the microcirculatory adjustment to functional activation at mouse 

somatosensory cortex upon hindpaw electrical stimulation. The statistical powered ED-based 

OCTA analysis on capillary transit times in cerebral tissue beds has revealed a decreased MTT in 

consistency with functional hyperemia (CBF increase) and CTTH reduction locally to increased 
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ΔHb. The results support the important role of capillary flow homogenization to cerebral tissue 

oxygenation during functional hyperemia.  

In addition to the spatial velocity distribution change observed in this study, temporal 

fluctuation of the velocity within the time interval of 400 µs (50 A-scans), termed bandwidth 

frequency (BF), were also obtained, which represents temporal heterogeneity of RBC in spatial 

capillary network [27]. Due to the space limitation, the change of BF, which were carefully 

investigated in another publication [70], will not be described here. Such useful ultra-microscopic 

perspectives may uncover the spatiotemporal relationship between capillary flow response and 

brain oxygenation during functional activation, which may potentially yield additional insight to 

the flow-metabolism coupling mechanism. 
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Chapter 4. VASODYNAMICS OF PIAL AND PENETRATING 

ARTERIOLES IN RELATION TO ARTERIOLO-ARTERIOLAR 

ANASTOMOSIS AFTER FOCAL STROKE 

4.1 SIGNIFICANCE 

Pial arterioles are highly collateralized on the surface of the cerebral cortex, providing redundancy 

in the circulatory network [4]. Pial arterioles can respond to an occlusive event to redistribute blood 

flow through anastomoses, which is a vital neural self-protective mechanism in ischemic stroke 

[71]. The penetrating arterioles (PA) perpendicularly attached to the pial vessels, however, are 

excluded from the collateral circulation. These vessels bridge the mesh of inter-connected pial 

arterioles with the subsurface microvascular bed that feeds the underlying neural tissue, which 

were described as “bottleneck” in the perfusion of neocortex [72]. Therefore, the perfusion of PA 

directly impact the downstream capillary circulation and neural tissue survival during ischemic 

stroke. The ability to monitor the vasodynamics of pial and penetrating arterioles simultaneously 

during ischemic stroke can offer important insights about the vascular regulation in each type of 

vessel groups, and potentially improve stroke treatment methods. 

Within the pial collateral network, the major cerebral arteries, known as middle cerebral artery 

(MCA), anterior cerebral artery (ACA), and posterior cerebral artery (PCA) are connected by 

arteriolo-arteriolar anastomoses (AAAs), with penetrating arterioles attaching to them as T-

junctions [73]. Although the behavior of collateral and PA flow after small localized ischemic 

injury (e.g. photothrombosis) has been investigated [74], [75], little is known about the 

vasodynamics of pial and PA with respect to the location of AAAs during an occlusion of a major 

cerebral artery.  
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In this project, we apply OMAG and DOMAG to evaluate the vessel diameter, RBC axial 

velocity, and total blood flow changes in a large number of pial and PA across the stroke core 

penumbra region before, during, and after MCA occlusion (MCAO). We focus on analyzing the 

vasodynamics at ddifferent spatial location with respect to the AAA territory between MCA and 

ACA distal branches enclosed in the open-skull cranial window. OMAG and DOMAG images 

will be acquired at baseline, during 60 min of MCAO, and after reperfusion of the MCA. The 

following questions will be centrally addressed: How do the AAAs redistribute blood flow in 

response to MCAO; what kind of vasodynamic regulation do pial and PA has; and what are the 

implications to vascular stimulation therapy for onset stroke treatment. 

4.2 MATERIAL AND METHODS 

4.2.1 Animal preparation 

All experimental animal procedures performed in this study were approved by the Institute of 

Animal care and Use Committee (IACUC) of the University of Washington (Protocol number: 

4262-01). Six male 12-week-old C57/BL6 mice weighing between 23 to 25 g were purchased from 

Charles River Laboratories (Seattle, WA, USA). The mice were deeply anesthetized using 1.5-2% 

isoflurane (0.2 L/min O2, 0.8 L/min air) and euthanized at the end of the experiments. During the 

entire experiment, the body temperature was maintained at 36.8 C through homeothermic blanket 

system (507220-F, Harvard Apparatus, MA, USA). All mice were subjected to three imaging 

periods (baseline, MCA occlusion, reperfusion) through a cranial window, covering the distal 

branches of MCA and ACA, as well as the arteriole anastomoses. Surgical procedure is briefly 

described as follows: First, a standard 3x3 mm cranial window was created on the left parietal 

cortex 1 mm lateral from sagittal suture and 1 mm posterior from bregma by drilling a circular 

groove and lifting the central island. A circular cover-glass was placed over the exposed brain 
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surface and sealed onto the bone with dental cement. Then, the cranial window was subjected to a 

baseline imaging by OMAG (see Optical Microangiography below). After the baseline imaging 

was taken, the mouse was subjected to an MCAO [76], which involves an intraluminal filament 

insertion from isolated external carotid artery (ECA) and a temporary ligation of the ipsilateral 

common carotid artery (CCA). The occluding filament was slowly advanced through internal 

carotid artery (ICA) toward the cranial base until a mild resistance was felt. A laser Doppler 

flowmatry microtip was placed perpendicular to the calvarium from superior nuchal line to the 

nasion as a guidance during MCAO. Another set of OMAG images were taken at the same region 

under the window during the occlusion period of 60 minutes. For reperfusion, filament was 

removed from ICA, and OMAG images were again acquired to represent the reperfusion. 

However, due to the time constraint of the experiment, we were unable to image reperfusion 

without untying the CCA. From the laser Doppler flowmetry guidance, there was about 28% 

decrease in total flux with ligated CCA compared to the baseline, in average of 6 mice.  

4.2.2 Optical microangiography 

To visualize the volumetric microvasculature, OMAG scanning protocol was applied with 400 A-

lines covering a distance of ~1.5 mm constituted each B-frame (fast axis). In the slow axis (C-

scan), there were 400 steps, also covering a distance of ~1.5 mm. At each step, 8 repeated B-frames 

were acquired. With this scanning protocol, the data cube of one complete 3D scan was composed 

of 1024 by 400 by 3200 (z-x-y) voxels, which took ∼18 s to acquire with an imaging rate of 180 

fps. To obtain microvasculature down to the capillary level at each step, an ED-based clutter 

filtering algorithm [18] was used to separate structural tissue from dynamic scatters (e.g., moving 

red blood cells within patent vessels) from the 8-repeated B-frames. Hence the final 3D vascular 

image was composed of 1024 by 400 by 400 (z-x-y) voxels.   
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After each OMAG scan, DOMAG scanning was performed covering the same area to show 

the axial velocity map of cerebral blood flow (CBF) [24]. The calculation of axial flow velocity of 

the RBC using phase-resolved technique can be found in Section Error! Reference source not 

found.. In order to have an axial velocity range of ±6.1 mm/s, Doppler processing of complex 

signals was applied among A-lines in each step by using 3 A-line interval to increase T between 

processed A-lines. A phase variance mask was then employed to segment meaningful Doppler 

flow signals from noisy phase background. Each B-scan in DOMAG protocol consisted of 10000 

A-lines by acquiring 25 A-lines at each 400 discrete steps. In the slow scan direction (C scan), 

there were 600 discrete steps, i.e., 600 B scans. The data cube of each processed 3D vascular image 

was composed of 1024 by 400 by 600 (z-x-y) voxels, which took ∼100 s to acquire with 6 fps 

imaging speed. More details about this imaging protocol can be found in [24]. 

To acquire the CBF images over a large area of the cortex, these imaging protocols were To acquire the CBF images over a large area of the cortex, these imaging protocols were 

repeated to create a mosaic image. OMAG and DOMAG algorithms were first applied to the 

datasets acquired at the basal condition. After applying MCAO to the mouse, the imaging protocol 

was repeated over the same area during occlusion and reperfusion by keeping the discrepancies 

minimum between the three imaging sessions in terms of the depth of the focus of the probe beam 

and the positioning and orientation of the sample.  

The data are presented as mean±sem. among 6 animal experiments. The differences between 

the experimental means of basal, occlusion and reperfusion conditions were tested with a two-

tailed paired t-test. 
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4.3 RESULTS 

4.3.1 Pial and penetrating arteriole vasodynamics under basal conditions 

Pial and penetrating arteriole mapping in the mouse cortex were obtained through imaging the 

cranial window (9 mm2) using the OMAG techniques. The volumetric average intensity projection 

(AIP, or enface) of 3D OCT structural images (Figure 4.1a) is used here to visualize and locate the 

diving and rising vessels. Because of the strong light absorption from hemoglobin, these vertically 

oriented vessels (parallel to the probing beam) appear as dark dots in the enface AIP of structural 

OCT image in contrast to cerebral tissues. These penetrating and rising vessels are also 

approximately perpendicular to the pial vessels. This appearance helps with the detection of 

penetrating arterioles easily as compared to the maximum intensity projection (MIP, or enface) of 

OMAG blood flow images.  

The OMAG result of blood flow map in the cerebral cortex is given in Figure 4.1b. To be able 

to focus on the pial arterioles, only the MIP of capillary loop region up to 100µm depth is 

presented, which was within the depth of focus of the probe beam. The bidirectional RBC axial 

flow velocity map of pial and penetrating vessels are demonstrated by DOMAG in Figure 4.1e, 

showing the penetrating arterioles and the rising venules as green and red colors, respectively. The 

flow velocity information is coded with a color bar in a range of ±6.1 mm/s. The dense scanning 

protocol enables the imaging of various RBC at multiple locations to form continuous lines, 

however the discontinuities are still present due to very low relative axial velocity of RBC when 

they are nearly perpendicular to the probe beam (e.g. pial vessels). Few out-of-range flow is also 

observed as phase-wrapped signals, seen as yellow color (combination of red and green). The 

closer views of a region of interest (ROI) in Figure 4.1b and Figure 4.1e are shown in Figure 4.1c 

and Figure 4.1f. 
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Figure 4.1. Pial and penetrating arteriole vasodynamics under basal conditions 

(a) En face average intensity projection (AIP) of the cortical structure through the cranial window. (b) En 
face maximum intensity projection (MIP) of optical microangiography (OMAG) within 100 µm in depth 
from the cortical surface. (c) Closer view of a region marked by a dashed yellow box in (b). (d) En face 
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map to show penetrating arterioles in OMAG image. Red, green, and yellow dots correspond to MCA, 
ACA, and AAA T-junction sourced arterioles, respectively. (e) En face MIP of DOMAG that shows axial 
velocity distribution within 500-µmdepth from cortical surface. (f) Closer view of a region marked by a 
dashed yellow box in (d). In (c) and (f), penetrating arterioles are marked by circles. Scale bar represents 
0.35 mm in (a, b, d, e) and 0.15 mm in (c, f). 
 

Individual penetrating arterioles in the cranial window were located manually in the high 

contrast version of Figure 4.1b and are shown in Figure 4.1d. To do so, the en face AIP of the OCT 

structure image (Figure 4.1a) was used as a guide to detect the location of the penetrating arterioles, 

then the DOMAG image (Figure 4.1e) was employed to differentiate the MCA and the ACA 

branches from veins, then to locate the AAA T-junctions. In the particular case presented in Figure 

4.1, the penetrating arterioles that are attached to MCA and ACA are marked with red and green 

dots, respectively; the ones that are attached to AAA as dually supplied T-junctions are denoted 

with yellow dots (Figure 4.1d). We do not make selections based on speed or diameter. The 

corresponding arterioles are also pointed out in the ROI images with circles in Figure 4.1c and 

Figure 4.1f. Based on random sampling (n=6 animals), the mean lumen diameter of 143 pial and 

127 penetrating arterioles at basal conditions were 40.7 µm and 25.6 µm, respectively. 

4.3.2 Pial and penetrating arteriole vasodynamics in response to MCAO 

Changes in pial and penetrating arterioles in response to MCAO (Figure 4.2a-c) and after 

reperfusion (Figure 4.2e-f) were delineated using OMAG and DOMAG. During the 60-min 

occlusion, MCA branches failed to support its downstream penetrating arterioles, but collateral 

flow through AAA started to function, observed as the flow reversal of MCA, and ACA 

branches took over some of the penetrating arterioles flow support. However, not all penetrating 

arterioles can be reached by the collateral circulation. The penetrating arterioles reside in the 

weak AAA territory as pointed on in Figure 4.2c experiences hypo-perfusion. Additionally, the 

penetrating arterioles flow never reversed in consistence with the previous literature [74]. As a 
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result, the average lumen diameter of the pial and penetrating arterioles were measured as 38.8 

µm and 24.2 µm, which were both decreased compared to baseline. 
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Figure 4.2. Changes in flow pattern in the pial network during MCAO and reperfusion 

(a, d) En face AIP of the cortical structure through the cranial window (a) during occlusion and (d) during 
reperfusion, respectively. (b, e) En face OMAG MIP of the microcirculation network within 100-µm 
depth from the cortical surface (b) during occlusion and (e) during reperfusion, respectively.Map of the 
diving arterioles on OMAG image is shown. Red, green, and yellow dots correspond to MCA, ACA, and 
AAA T-junction sourced arterioles, respectively. Yellow dots in (b) are showing the location of T-
junctions in the baseline while they were supplied by MCA and ACA. Blue dots correspond to the diving 
arterioles that are at not-detectable level compared to basal condition. Dashed circle in (e) points out the 
shift in the location of T-junction point. (c, f) En face DOMAG MIP of velocity distribution within 500-
µm depth from cortical surface (c) during occlusion and (f) during reperfusion, respectively. Dashed 
circle in (c) points out the area with failed collateral support. Scale bar represents 0.35 mm. 
 

During the reperfusion, some of the AAAs stayed active in supplying blood to four of the 

penetrating arterioles via ACA. Three penetrating arterioles of MCA that were rescued by 

collateral circulation during MCAO survived after occlusion (Figure 4.2e). On the other hand, 

most of downstream flow distance from the AAA territory disappear during MCAO and do not 

reappear after reperfusion. The average lumen diameter of the corresponding pial and penetrating 

arteriole return back to their baseline values with a slight increase (hyper-perfusion), which were 

measured to be on average at 41.1 µm and 26.1 µm, respectively. The comparison of the average 

lumen diameter among baseline, occlusion and reperfusion conditions for the pial and 

penetrating arterioles is shown in Figure 4.3. The lumen diameter of the penetrating arterioles 

changes dramatically in response to stroke, whereas the lumen diameters of the pial arterioles are 

only slight affected. 
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Figure 4.3. The lumen diameter distribution of pial and penetrating arterioles. 

(a) Pial arterioles at baseline with overlay to occlusion (b) and reperfusion (c). (d) Penetrating arterioles at 
baseline with overlay to occlusion (e) and reperfusion (f).  

4.3.3 Pial and penetrating arteriole vasodynamics in relation to AAA 

AAA’s role supporting collateral circulation during MCAO is analyzed with both OMAG and 

DOMAG and schematically presented in Figure 4.4. Two ROIs were selected in the DOMAG 

images where the presence of AAA is either strong or weak (Figure 4.4a-c). These regions are 

also located in OMAG images and the corresponding penetrating arterioles are marked in Figure 

4.4d-f. Then the mean lumen diameter, the total blood flow, and the RBC axial velocity in the 

penetrating arterioles and the pial arterioles within these regions are compared. Figure 4.5b 
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shows that the penetrating arterieols that are close to the strong AAA territories dilate wehareas 

the pial arterioels do not, which is consistent with previous findings [74]. Although the dilation 

effect in the average lumen diameter is subtle, it is statistically significant. On the other hand, the 

penetrating arterioles constrict significantly in the weaker AAA territories as shown in Figure 

4.5c. Moreover, the total blood flow and RBC mean axial velocity in the penetrating arterioels 

close to a weak AAA suffered from a significant drop compared to the ones close to a strong 

AAA (Figure 4.5e and Figure 4.5f).	

 

Figure 4.4. Vasodynamics of penetrating arterioles with respect to AAA during stroke. 

(a–c) DOMAG results for (a) basal, (b) during MCAO, and (c) after reperfusion conditions, respectively. 
Strong AAA area is marked with a yellow dashed box and weak AAA area with a blue dashed box. (d–f) 
OMAG comparison between strong and weak AAA ROIs for (d) basal, (e) during MCAO, and (f) after 
reperfusion conditions, respectively. (g–i) Red, green, and yellow dots correspond to MCA, ACA, and 
AAA T-junction sourced arterioles, respectively. Blue dots correspond to the diving arterioles that are at 
not-detectable level compared to basal condition. Cartoon representations of the lumen diameters of pial 
and penetrating arterioles for (g) basal, (h) during MCAO, and (i) after reperfusion conditions, 
respectively. Scale bar is 0.3 mm. 
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Figure 4.5. Lumen diameter, velocity, and flow comparison. 

(a) the mean lumen diameters of 143 pial and 127 penetrating arterioles for basal, occlusion, and 
reperfusion cases (n ¼ 6 animals). (b, c) Comparison of mean lumen diameters of pial and penetrating 
arterioles, respectively, between strong and weak AAA areas. ***P < 10−3 and **P < 0.05 significantly 
different data sets (paired t-test). (d) The mean total blood flow and RBC velocity changes compared to 
baseline among 127 penetrating arterioles during occlusion and reperfusion (n ¼ 6). (d, e) Comparison of 
velocity and flow changes in penetrating arterioles between strong and weak AAA areas, respectively. 
***P < 10−3 and **P < 0.05 significantly different data sets from baseline (paired t-test). 

 

4.4 DISCUSSION 

To reveal the role of cerebral pial arteriole network in the local hemodynamic homeostasis 

during ischemia, we evaluated diameter and flow fluctuations in a total of 143 pial and 127 

penetrating arterioles overlaying the stroke penumbra from six animals during MCAO. Three 

main findings are highlighted: (1) The flow reversals occur in the pial arterioles through 

anastomosis and ACA takes over blood supply to the penetrating arterioles attaching to the MCA 

side. (2) The penetrating arterioles near a strong AAA territory dilate and sufficiently restore the 

flow to the ischemic region. (3) The flow compensation decreases with the increase of the 
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distance away from the AAA territory, resulting in poorly recovered penetrating arterioles 

residing away from the AAA connections during reperfusion.  

Pial and penetrating arterioles respond differently to an occlusion, and they act together to 

compensate blood flow to an ischemic region. Reversible blood flow in the pial arterioles occurs 

according to a pressure gradient. When the brain is subjected to an ischemic event by MCAO, 

the flow balance in AAAs is immediately disrupted and the retrograde blood flow appears in 

MCA, as found in [73] and [77]. However, no dilation events are observed among the pial 

arterioles in the experiment. In contrast, the penetrating arterioles can actively dilate to deliver 

blood to the ischemic region, but no reversal flow occurs in the penetrating arterioles, which is 

consistent with the previous finding in [74]. In addition, an interesting fact found in our study is 

that the distribution of the arteriole dilations is not homogeneous across the ROI. The penetrating 

arterioles close to a strong AAA connection dilate despite the overall decrease in mean lumen 

diameter. In other words, the penetrating arterioles constrict significantly in the areas further 

away from AAAs. To summarize, in order to have active dilations of the penetrating arterioles 

during severe ischemia, the pial arterioles must be kept flowing due to the regulation of AAAs. 

Moreover, the lack of blood supply for the pial arterioles also affects the recovery of the 

penetrating arterioles during reperfusion. Our data report a higher restoration of RBC velocity in 

the penetrating arterioles near a strong AAA territory in comparison with a weak one, which is 

critical for the survival of the tissue during stroke recovery.  

Besides the CBF images, the en face AIP of 3-D OCT structural images from 60 min of 

occlusion and reperfusion Figure 4.2a and Figure 4.2b also lead to an interesting observation: 

regions in the areas far from the AAA territory appear darker compared to the uniform looking 

baseline. The increased light scattering due to the changes in cell morphology in the infract 
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region [78] is suspected to be responsible for the nonuniform intensity distribution in the cortex 

after stroke. This phenomenon was also observed by mapping light attenuation coefficients and 

was correlated with histology in a similar MCAO model [77]. 

The label-free OMAG technique offers a unique ability to quickly image a relatively large 

area in time-sensitive stroke experiments. However, it comes with some limitations. First, the 

lateral resolution of our system is ∼7 µm with a depth of focus of 0.12 mm. This makes the 

diameter measurement inaccurate for the pial vessels, especially for those smaller than 20 µm. 

Second, since only the axial velocity is measured, it is difficult, if not impossible, to detect the 

RBC velocities and flow in the pial vessels perpendicular to the optical axis, due to their very 

small axial velocities, hence a slightly tilted stage is needed to solve this problem. Moreover, the 

absolute flow information is hard to derive accurately due to the resolution and the light intensity 

deterioration with depth. Hence, this technique is best suited for comparison studies where errors 

in the measurements do not affect the differential conclusions. In this study, we tried our best to 

keep all the crucial parameters, such as the focus of the probe beam and positioning and 

orientation of the sample, the same among all the imaging sessions. To check if there is a 

systematic error in the determination of total blood flow in penetrating arterioles, the total blood 

flow conservation rule is applied. The average velocity and flow in the 127 pairs of penetrating 

arterioles and rising venules are similar within a 10% margin. 

In summary, our methods enable us to discover the AAAs’ role in the collateral blood 

perfusion dynamics in the mouse cerebral cortex after focal stroke. Thanks to the high sensitivity 

and the large field of views provided by OMAG, we compare regions in cerebral cortex, either 

closer to or further away from AAA territory during MCAO. The conclusions suggest that AAA 

plays a major role in active regulation of the pial and penetrating arterioles during stroke, 
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providing blood flow to actively dilate the penetrating arterioles in order to rescue the tissue in 

the penumbra region. 
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Chapter 5. AGING-ASSOCIATED CHANGES IN CEREBRAL 

VASCULATURE AND BLOOD FLOW AS DETERMINED BY 

QUANTITATIVE OCTA 

5.1 BACKGROUND AND MOTIVATION 

Normal aging is associated with modifications to the biomechanical properties of blood vessels, 

which can result in anatomical and functional alterations in the brain vasculatures [79], and 

potentially lead to hypoperfusion or neurodegeneration [80]. Although there is no consensus 

reached regarding the causal relationship between a decreased cerebral blood flow (CBF) and 

decline of neuronal function, there is an increasing prevalence of coincident cerebrovascular 

deficiency and cognitive dysfunction with aging that is also well recognized in Alzheimer’s disease 

(AD) [81]–[83]. Thus, the ability to image cerebral vasculatures with superior spatial detail in the 

aging brain and to precisely quantify vascular parameters will not only be invaluable to uncover 

the vascular deficiency associated with normal aging, but also crucial to decipher the functional 

relationship between cerebrovascular factors and pathological neurodegeneration.  

A compromised structural integrity of the cerebral vasculature is a representative degenerative 

feature of the vascular system in aging brain [84]. Changes in vascular morphology have been 

identified in early studies by microscopy with post-mortem brain tissue. In larger vessels, for 

example, increased tortuosity have been observed in the middle, anterior and posterior cerebral 

arterioles of aging mice [85], [86], and in the penetrating arterioles within the white matter from 

humans as early as in middle age [87], [88]. At the level of cerebral microvessels, there is 

considerable evidence of an age-related reduction in capillary numbers and capillary density in the 

brain of aged rodents [89]–[97], and a decreased capillary density in older human brains [98]–

[102].  
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The anatomical changes seen in the cerebral vessels may alter the conductance and resistance 

of the vascular network, leading to reduced CBF or even hypoperfusion in the cerebral tissue [103]. 

Consequently, cerebral metabolism can diminish, which eventually jeopardizes functional 

neuronal activities [104]. A number of clinical studies employing a range of imaging technologies 

have investigated CBF or arterial flow velocity in healthy aging subjects. Functional magnetic 

resonance imaging (fMRI) [105] and positron emission tomography (PET) [106] have used to 

reveal regionally-specific decreases in CBF during functional activity of brain in aging, while 

transcranial Doppler sonography [107] has shown a decrease in blood flow velocity in large 

cerebral arteries with advancing age. Although these in vivo imaging studies have cumulatively 

found an association between macroscopic perfusion reduction and aging [108]–[111], changes in 

microscopic flow remained poorly understood due to their inherent limitations in providing 

adequate spatial resolution required to assess capillary flow [112], in addition to a sufficient 

penetration depth to image sub-surface cerebral microvessels in a living subject without excessive 

disruption to the neuronal environment. A recent aging study has attempted to address such 

challenges by utilizing high-speed two-photon fluorescence microscopy (TPM) to examine age-

related differences in cerebral capillary blood flow between young and old rodent brains in vivo 

[55]. Despite outstanding image quality, the very slow speed of data-acquisition and the restricted 

imaging area (800µm × 800µm) or depth (100 µm below the surface) make the TPM a less ideal 

tool for imaging cerebral capillary blood flow.  

Optical coherence tomography (OCT) has emerged as a non-invasive neuroimaging technique 

that distinguishes itself from other micrometer-scale resolution imaging techniques with a 

significant speed advantage in 3-D imaging and an appreciable penetration depth, typically at ≥1 

mm in tissue[59]. Furthermore, recent advances in OCT angiography (OCTA) techniques, such as 
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the development of optical microangiography (OMAG) [17], have allowed for the acquisition of 

blood flow information from the volumetric OCT dataset down to the capillary level by coherently 

analyzing the intrinsic scattering property of moving RBC in functioning blood vessels. 

Furthermore, Doppler OMAG (DOMAG) [24] has been developed to quantitatively measure RBC 

moving velocity via the axial component and to evaluate penetrating arterioles (PA) flow dynamics 

in the cerebral cortex [62]. In addition to quantitative assessment of arteriole blood flow, we have 

recently developed an eigen-decomposition (ED) analysis of the complex optical signals generated 

by high-speed OCTA scans to extract the frequency components of single-file moving RBC in 

capillary passages [27]. A statistical evaluation of a large quantity (thousands) of capillary 

velocities in 3-D tissue volumes at 50 µs temporal resolution provides a glimpse of the 

heterogeneity of capillary flow heterogeneity in the region of interest.  

In this study, we employed a combination of OCTA techniques to examine the age-related 

vascular and blood flow changes in the cerebral cortex of anesthetized mice in vivo using a single 

imaging platform. The effect of aging on cerebral vessel structure and in vivo flow dynamics is 

quantitatively characterized using OCTA measurement parameters of vessel tortuosity and 

density, CBF, capillary velocity and heterogeneity. 

5.2 METHOD AND MATERIALS 

5.2.1 Animal preparation 

All experimental procedures in this study performed on animals were approved by the Institutional 

Animal Care and Use Committee (IACUC) of the University of Washington. Young (2-month-

old, n=8) and old (16-month-old, n=8) male C57BL/6 mice (Charles River Laboratory) were used. 

Females were not included due to potential influence of hormonal fluctuation on blood flow. Mice 
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were housed in individual cages at the imaging facility for at least 1 week prior to experimentation 

on a 12/12-hour light/dark cycle with access to food and water ad libitum. 

On the day of the experiment, mice were anesthetized with isoflurane and placed on a 

stereotaxic frame (51625, Stoelting Co.) for head stabilization. Isoflurane was continuously being 

delivered to the animal with a mixture of 0.2 L/min pure oxygen and 0.8 L/min air. Each mouse 

received an open skull cranial window surgery [37], where a 4.5 mm-diameter round craniotomy 

at the somatosensory cortex (S1) region (1 mm posterior and lateral to the bregma) was performed 

on the right parietal bone as shown in an inset of Figure 5.1. The entire cranial window was 

subjected to OCT imaging with dedicated scanning protocols in section. Physiological parameters 

of the animal were monitored, including anesthesia depth, blood pressure, heart rate, and body 

temperature throughout the experiments, before then being euthanized by cervical dislocation. 

 

Figure 5.1. System setup and cranial window preparation 

All imaging were performed on this single SD-OCT platform. A 5-mm diameter round glass cranial 
window was created on the right parietal bone at 1 mm posterior and lateral to the bregma. Scale bar 
orientation: C, caudal; D, dorsal; R, rostral; V, ventral. 
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5.2.2 OCTA scanning protocols 

OMAG [17] is used to image the morphological features of cerebral blood vessel networks. In this 

protocol, each B-frame consisted of 400 A-lines (z axis) covering a distance of ~2.5 mm in the 

transverse direction (x axis). B-frame was repeated 8 times at each transverse location, and a total 

of 400 locations was recorded in the C-scan direction (y axis) covering a distance of ~2.5 mm. 

Therefore, the final 3-D volumetric dataset consisted of 3200 B-frames, which took ~15 s to 

acquire at A-scan rate of 72 kHz and B-frame rate of 180 frames/sec (fps). This protocol was 

performed on four quadrants, and the final image (4mm × 4mm) was automatically stitched from 

4 angiograms with ~1 mm overlap. 

DOMAG [24] is used to image axial velocity components of cerebral blood flows, particularly 

in penetrating vessels. This protocol was performed with 25 A-lines repeatedly acquired at each 

depth location to give one M-scan (z axis). A B-frame consisted of 300 M-scans covering ~2 mm 

(x axis), and a total of 300 B-frames (y axis) covering ~2 mm was captured to accomplish the 3-D 

dataset. The total scanning time of each dataset is ~50 s at A-scan rate of 45 kHz and B-frame rate 

of 6 fps. This protocol was performed on 9 tiles over the cranial window to produce the final 

stitched bidirectional flow velocity map (5mm × 5mm). 

OCTA capillary velocimetry [27] is used to image heterogeneous properties of capillary 

hemodynamics within scanned tissue beds. In this protocol, we set the A-scan rate to be 20 kHz 

with 50 A-line performed consecutively at each M-scan position. This setting yields adjustable A-

line interval time from 50 µs to 2.5 ms to potentially analyze slow to fast capillary flows from 100 

µm/s to 5 mm/s. A B-frame consisted of 200 M-scans covering ~1.5 mm (x axis). A total of 200 

B-frames covering ~1.5 mm (y axis) was acquired to finish off the 3-D dataset. The total time to 

complete one 3-D dataset is ~ 100 s. This protocol was performed at two selected regions inside 
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the cranial window, one region was proximal to the middle cerebral artery (MCA), and the other 

proximal to anterior cerebral artery (ACA). 

5.3 DATA ANALYSIS 

5.3.1 Arterial tortuosity measurement 

Vessel tortuosity index (VTI) was used to evaluate vessel tortuosity, which is defined as an arc-

chord ratio [113], i.e. the ratio of a length of curved vessel (arc) to a distance of straight line (chord) 

between the end points of a vessel segment (Figure 5.2a). In this analysis, segments MCA and 

ACA were chosen, referred to as arteriolo-arteriolar anastomosis (AAA), for collateral tortuosity 

comparison between young and old population. Our choice of AAA is rationalized by the frequent 

development of collateral vessel tortuosity being reported in normal aging [85]. A manual 

segmentation was performed from 3-D OMAG angiograms to show pial vessels within 50-µm-

thick slab from cortical surface followed by a binary processing to obtain the vessel skeleton. In a 

representative 5-pixel skeletonized vessel centerline (Figure 5.2b), chord length was simply the 

Euclidean distance (yellow dashed line) between two end-point pixels, whereas the arc length was 

obtained by summing distance of horizontally/vertically and diagonally connected pixels using 

pixel connectivity method [114], which describes the way in which pixels relate to their neighbors. 

In this method, the horizontally and vertically connected pixels are identified as 4-neighborhood 

pixels, whereas the diagonally connected pixels are regarded as 8-neighborhood pixels. For an 

example, the vessel segment in Figure 5.2b returns pixel paths of 3 and 1 for 4-neighborhood 

(Figure 5.2c) and 8-neighborhood (Figure 5.2d), respectively. The resulting arc length can be 

calculated by: (differences of pixel path number between 4- and 8-neighborghoods) × 2 + total 

pixel number – pixel path number for 4-neighborhood, that is ((3–1)× 2)+5–3 =4.8. Finally, the 
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VTI was calculated by arc/chord ratio, having a minimum value of 1 (i.e. if VTI = 1, the vessel is 

straight). 

 

Figure 5.2. Method used for vessel tortuosity measurements 

(a) A sketch demonstrating the definition of vessel tortuosity index (VTI) as a length of vessel (arc) 
divided by a length of straight line (chord) connecting its end points (yellow asterisks). (b) A 5-pixel 
example of binary vessel segment, with chord distance marked in yellow dashed line. (c) Pixel 
connectivity labeling for 4-neighborhood pixels. If the 4-neihgborhood condition was not met, the pixel 
path changes with a different label color. Therefore, 3 paths are labeled with 3 different colors: red, 
yellow, and blue. (d) Pixel connectivity labeling for 8-neighborhood pixels. In this case, all 5 pixels are 8-
neighborhood pixels, touching one of the neighbor pixel’s edges or corners; thus giving 1 complete pixel 
path labeled with green. 
 

5.3.2 Capillary vessel density quantification 

We calculated vessel area density (VAD), defined as the percentage of area occupied by vessels 

[115], [116], of the capillary network obtained from OMAG angiogram. This parameter 

calculation was developed previously within our group and validated in ophthalmic imaging for 

retinal VAD measurements [115]. To more accurately evaluate cerebral capillary VAD, we 

reconstructed the 3-D OMAG dataset to segment a 300-µm-thick slab of vessels from the cortical 

surface, avoiding biased measurements at deeper cortical layers due to multiple-scattering that 

might cause signal attenuation and resolution degradation. Additionally, large pial vessels (>50 

um in diameter) from the en face image were excluded. Therefore, individual capillaries within 

the reconstructed 3-D image were resolvable. The image was then processed into a binary image 
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using global thresholding, a hessian filter, and adaptive thresholding to generate a binary vessel 

area map, where a value of 1 represents a white pixel, i.e. the presence of a capillary vessel, and 0 

the black pixel, i.e. the absence of a functioning vessel. Finally, the VAD was calculated as a ratio 

of the area occupied by vessels to a given region (2.5 mm × 2.5 mm selected).  

5.3.3 CBF analysis 

Penetrating arterioles (PA) pass blood directly from the pial vessel network and remains 

uncollateralized, which vertically descend into the cortex tissue and return as rising venules (RV) 

to the pial network [72]. We evaluated CBF in both arterioles and venules from 3-D DOMAG 

velocity maps. In this method, firstly, the axial velocity of PA/RV found by phase-based methods 

utilizing the well-known Doppler effect [23], [117]. From the 3-D velocity dataset, an x-y 

orthogonal slice ~50 µm below the cortex surface was selected from the 3-D dataset to evaluate 

flow cross sections. Next, regional CBF was obtained by velocity × flow area for each type of 

vessels measured within 3.5 mm × 3.5 mm region. The values were than normalized to a unit 

region (1 mm2) and compared between young and old groups. Note that this CBF measurement is 

independent of the Doppler angle [25], [118]. 

5.3.4 Capillary mean velocity and velocity heterogeneity calculation 

An eigen decomposition (ED) -based analysis was used to reveal capillary flow velocity within 

the 3-D tissue volumes [27]. Briefly, a frequency analysis was firstly obtained using the covariance 

matrix of grouped A-lines (50 repetitions), with which the eigenvalues and eigenvectors that 

represent the subsets of the signal markup were calculated. The signals generated by moving RBC 

were isolated via an adaptive regression filter to remove the eigen components that represent static 

tissue, whereas the frequency components of moving RBC were calculated through first lag-one 
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autocorrelation of the obtained eigenvectors. Then, the capillary flow speed was obtained 

according to a linear relationship between measured frequency and RBC velocity. For a more 

accurate evaluation of capillary velocity and heterogeneity, additional segmentation was 

performed on each B-frame to remove vessels with lumen larger than 15 µm in diameter. Lastly, 

capillary mean velocity and velocity heterogeneity within the scanned tissue volume were obtained 

by calculating the mean and standard deviation, respectively, from all capillaries in the 3-D dataset. 

5.3.5 Statistics 

The differences between young (n=8) and aged (n=8) group were statistically tested using Student 

t tests (two-tailed) for each variable presented in this study. p<0.05 was considered statistically 

significant. 

 

5.4 Results 

5.4.1 Measured physiology parameters 

The mean recorded heart rate, respiratory rate, arterial blood pressure (diastolic and systolic), as 

well as blood oxygen saturation level (SpO2) are shown in Table 1. Respiratory rate and SpO2 

levels were not significantly different between young and aged groups, but the heart rate was 10% 

lower and arterial pressure (both systolic and diastolic) was 11% lower in the older animals at 

statistically significant level of p<0.05. 

 

Table 5.2. Measured physiology parameters 
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 Parameter Group  
  Young Old 

 Number of animals 8 8 
 Heart rate (beats/min) 483 ± 52* 435 ± 47* 
 Respiratory rate (breaths/min) 92 ± 10 87 ± 11 
 Diastolic arterial pressure (mm Hg) 68 ± 12* 61 ± 10* 
 Systolic arterial pressure (mm Hg) 81 ± 14* 72 ± 11* 
 Blood oxygen saturation (SpO2%) 96 ± 1 96 ± 1 

  

Values shown are mean ± std. (standard deviation of group mean). The asterisk symbols and bold text 
denote statistically significant difference (p<0.05) between the two groups. 

 

5.4.2 Arterial tortuosity 

OMAG angiograms shown for young (Figure 5.3a) and old mice Figure 5.3b) are of mostly pial 

vessel networks obtained within 50-µm-thick slab from cortical surface (Figure 5.3c). The average 

VTI value measured from the 9 AAA segments in young group (Figure 5.3d) was 1.19±0.07, 

whereas the mean value for the aged group (Figure 5.3e) was 1.36±0.09. The VTI of AAA in old 

mice is 14% statistically significant higher than that of the young group (p<0.01) (Figure 5.3f), 

indicating that the collateral vessels at in the older mice are more tortuous. 
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Figure 5.3. Comparison of cerebral pial collateral vessel tortuosity 

(a) and (b) are angiograms of the young and old mice, respectively, obtained from en face maximum 
intensity projection (MIP) of 3-D OMAG datasets within 50-µm-thick slab between the green and red 
dotted lines shown in B-scan flow cross section image (c). The green line in (c) marks the cortical surface, 
while the red and yellow lines are located at the depths of 50 and 300 µm from the cortical surface, 
respectively. On the angiogram (a) and (b), the selected AAA segments between MCA and ACA are 
highlighted with false colors. The colors represent calculated VTI values as indicated on the color bar. A 
total of 9 AAA segments were measured in each group as shown in (d) young and (e) old mice. (f) 
Comparison of VTI between young and old groups. The values are mean ± std. (standard deviation of 
group mean, n=9 segments per group). 
 

5.4.3 Capillary vessel density 

Differences in the capillary vessel density between young and old mice were qualitatively revealed 

by OMAG angiograms and quantified by VAD parameter. In comparison with the light 

microscopic images (Figure 5.4a and Figure 5.4b), which show larger surface arterioles only, the 
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OMAG angiograms (Figure 5.4c and Figure 5.4d) reveal high resolution cerebral microvascular 

networks down to the capillary level. Comparing the angiograms, it is apparent that the older 

mouse had an uneven distribution of vascular perfusion, where localized rarefaction of capillary 

perfusion can be seen (Figure 5.4d). The distribution of VAD is more heterogeneous in the old 

mice (Figure 5.4f) compared to the young (Figure 5.4e). Frequency histogram distribution further 

shows higher population of VAD over the mean for young mice (Figure 5.4g), and statistical 

evaluation reveals the VAD of old mice (0.34±0.08) is 15% statistically significant lower than that 

of young mice (0.40±0.05) at a significant level of p<0.01 (Figure 5.4h). 
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Figure 5.4. Comparison of the cerebral capillary vessel density 

(a) and (b) Bright-field microscopy images of young and old mice, respectively, in a 2.5mm × 2.5mm 
region within cranial window. (c) and (d) OMAG angiograms corresponding to (a) and (b), respectively, 
constructed by en face MIP within 300-µm-thick slab from cortical surface. Red arrows in (d) point out a 
suspected regional capillary rarefaction in the old animal. (c) and (f) are color index-coded VAD maps of 
young and old mice, respectively. (g) The VAD frequency histogram distributions of young (coral) and 
old mice (blue). (h) Comparison of VAD between young and old mice. The values are mean ± std. 
(standard deviation of group mean, n=8 animals per group). 
 

5.4.4 CBF measurements from PA flow 

Bidirectional blood flow velocity maps were revealed by DOMAG for young and old mice (Figure 

5.5a), and an x-y orthogonal slice from a 3-D dataset (Figure 5.5b) produces a projection of flow 

cross sections (Figure 5.5c). In Figure 5.5c, PA and RV axial velocity projections on x-z plane can 

be seen as green and red dots. We compared aged related differences in the mean velocity, and 

flow area, and total flow of both PA and RV within a unit region (1 mm2) in Figure 5.5d-f. For the 

mean velocity measurement (Figure 5.5d), the arteriole velocity was measured to be greater than 

the venule velocity, in both young and old animals. No statistically significant differences were 

found in penetrating vessel velocity between young and old groups. In general, flow area of 

venules was larger than arterioles (Figure 5.5e). The average flow area of PA is decreased by 35% 

(p<0.05) and flow area of RV is decreased by 32% (p<0.05) in older animals. In Figure 5.5f, the 

total flow (mm3/s) is calculated as velocity (mm/s) × flow area (mm2). In the old group, there is a 

33% statistically significant reduction (p<0.01) in PA total flow, and 31% statistically significant 

reduction (p<0.01) in RV total flow. Additionally, no significant differences were found between 

PA and RV total flow volume in each individual animal. 
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Figure 5.5. CBF and PA/RV parameter comparisons 

(a) Bidirectional axial velocity maps of young and old mice generated by en face MIP of 3-D DOMAG 
datasets within 300-µm-thick slab from cortical surface. Color bar represents RBC axial velocity of the 
flow descending (negative, green) and rising from (positive, red) the brain in a range of ±6.0 mm/s for the 
displayed maps. The yellow color was generated from a mix of green and red signals from the projection 
effect. (b) 3-D visualization of descending and ascending vessels within the white squared region in (a). 
(c) Orthogonal slice from (b), at an x-y plane ~50 µm below cortical surface. The green and red dots 
represent the descending arterioles and rising venules within the selected x-y plane, respectively. Green 
and red dots shown in (c) are cross sections of arteriole and venule flows. (d), (e) and (f) Comparisons of 
mean velocity, flow area, and total flow values, respectively, in unit region (1 mm2) between young and 
old animals in both penetrating arterioles and venules. Velocity and flow in the plots are absolute values 
without direction signs. Values are mean ± std. (Standard deviation of group mean). * represents p<0.05 
and ** represents p<0.01. 
 

5.4.5 Capillary mean velocity and heterogeneity 

Standard OMAG angiograms of young (Figure 5.6a) and old mice (Figure 5.6b) delineate two 

regions on each angiogram for velocimetry assessment, one proximal to MCA and the other 

proximal to ACA. The resulting velocimetry maps of the two selected regions are shown for young 
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(Figure 5.6c,d) and old mice (Figure 5.6e,f). Each velocimetry map contains ~40,000 frequency 

signals within the 3-D tissue volume. The quantification reveals a capillary mean velocity of 

1.11±0.17 mm/s in young mice and 1.34±0.23 mm/s in old mice (value taken from mean of both 

regions). Therefore, the mean capillary velocity is 21% higher in the old group than in the young 

at difference level of p<0.05 (Figure 5.6g). The standard deviation, which is regarded as velocity 

heterogeneity was calculated as 0.44±0.07 mm/s and 0.52±0.08 mm/s in young and old mice, 

respectively, yielding a 19% increase in capillary velocity heterogeneity in the old group (p≤0.05) 

(Figure 5.6h). 

 

Figure 5.6. Capillary flow velocity and heterogeneity quantification 

(a) and (b) Standard OMAG angiograms of young and old mice, respectively. Red and green squares 
indicated the regions where velocimetry was performed at MCA and ACA locations, respectively. (c)-(f) 
Capillary velocity maps generated by en face projection of 3-D frequency signal with 300 µm thick slab 
from the cortical surface. Color bar represents RBC velocity (0~3 mm/s). (g) Capillary mean velocity 
comparison between young and old mice. Values are mean ± std. (Standard deviation of the group mean). 
* represents p<0.05 in both MCA and ACA region. (h) Capillary velocity heterogeneity comparison 
between young and old mice. Values are mean ± std. * represents p<0.05 and p=0.05 at MCA and ACA 
region, respectively.  
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5.5 DISCUSSION 

Strong evidence has shown that the degeneration of the brain vasculature and reduced blood flow 

may underlie age-associated decline in neuronal function or cognition, although the underlying 

mechanism remains unclear. With a host of novel OCTA imaging algorithms, we quantitatively 

characterized a series of age-related differences in cerebral vasculature and blood flow in vivo with 

superior spatial detail between healthy young and old mice. A summary of findings is shown in 

Table 2. Some important changes in aged animals include 14% increase in collateral tortuosity, 

15% decrease in capillary density, 33% decrease in arterial CBF, 21% increase in capillary mean 

velocity and 19% increase in capillary velocity heterogeneity, all at statistically significant levels. 

We here discuss each characteristic aged-associated changes in details.  

Table 5.3. Characteristic age-associated changes 

 

Values shown are mean ± std. (standard deviation of the mean in each animal among the same group). 
The asterisk symbols and bold text denote statistically significant difference between the 2 groups (* 
p<0.05, ** p<0.01 from two-tailed t-test). 
a Values are averaged from the measurements in ACA and MCA territories. b p=0.052 for capillary 
velocity heterogeneity measured in ACA regions.  

5.5.1 Aging-related vessel tortuosity increase 

Vascular aging is known to cause progressive deterioration in the cellular structure of the blood 

vessel wall, subsequently modifying its biomechanical properties and rendering morphological 

changes within the vessel architecture [79]. One of the most noticeable changes, the development 
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of arteriole tortuosity, has been observed in cerebral cortex and white matters of animal and human 

brains in both normal aging and age-related pathological conditions [119]. The majority studies on 

vessel tortuosity were carried out in human brain post-mortem and were focused on the penetrating 

arterioles of in white matter diseases [88], [120], with few studies evaluating tortuosity changes 

during normal vascular aging in vivo. Recently, Faber et al. reported an increased tortuosity in 

rodents from measuring pial cerebral arterioles at the bridge of the MCA and ACA branches, 

known as AAA, in mouse S1 cortex during normal aging. They demonstrated that the average VTI 

was much higher (1.43) for the aged group (16-month-old) compared to that of the young group 

(1.22) (3-month-old), leading to a 6-fold higher flow resistance in cerebral collateral vessel in the 

aged brain [85]. Our tortuosity measurements of AAA by OCT produced similar VTI values of 

1.36±0.09 and 1.19±0.07 for healthy aged (16-month-old) and young mice (2-month-old), 

respectively (Figure 5.3f). Previous studies used fixed brain tissue with dilated and filled pial 

cortical vessels, albeit an elegant technique used to evaluate post mortem brain vasculature, is 

prone to potential changes in vessel morphology during tissue processing. In contrast, the label-

free, in vivo nature of OCTA used in this study preserved the native architectures of the blood 

vessels and increases the fidelity of the VTI analysis. Apart from methodological differences, the 

slight variations in VTI values between our results and those previously reported may be attributed 

to the range of collateral segments selected for measurements. There is currently no accepted 

definition of the range of collateral segment, as its definition is related to the functional role during 

an occlusive event. For the consistency within measurements in our study, we followed the 

branching orders arterioles (e.g. the start point of measuring on the MCA side is at the last 

bifurcation of M1 segment with equal or similar sized trunks, and that one or both trunks are 

connected to ACA as collateral). 
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The mechanisms underlying age-related increase in artery tortuosity in aging remains unclear, 

but it is well hypothesized that structural alteration in the vessel wall plays a role in the early stage 

of tortuosity development [121]. As aging begins, smooth muscle cells (SMCs) progressively 

migrate from the tunica media to accumulate into the intima, and subsequently impair the integrity 

of the elastic membrane in the intima [122]. Fracturing of the elastin fibers would lead to a 

reduction in elasticity, resulting in stiffening of the vessel wall. As a result of the arterial stiffening, 

pulsatile blood pressure in the vessel lumen would become elevated, giving rise to vessel buckling 

to initiate tortuosity development [123].  

The fragmentation of elastin, which has been reported in the artery wall of aged subjects, has 

been considered a cause of the vessel lengthening and tortuosity progression [124]. As a result, 

tortuosity increases the vessel length, and with each turn and loop there is a loss of kinetic energy 

that potentially reduces the flow speed in these vessels[125]. While mild increase of vessel 

tortuosity may be asymptomatic, severe tortuosity developed with aging can significantly reduce 

conductance ability of the blood vessels and diminish cerebral perfusion; hence, producing focal 

ischemic lesion and cellular damage in the downstream tissue [120], [125]. Tortuous penetrating 

arterioles in the white matter, for instance, are found to be a critical contributing factor to 

neurodegeneration in a subset of leukoaraiosis (LA) [88]. In another case, augmented tortuosity in 

the cerebral pial arterioles can cause collateral rarefaction, which could increase blood flow 

resistance during arteriogenesis and contribute to a more severe ischemic stroke phenotype in older 

subjects [85]. In addition to the coiling, looping, and spiraling profiles of blood vessels, the 

increased tortuosity is also associated with a greatly expanded Virchow-Robin perivascular space 

where amyloid movement occurs [126]. The enlarged perivascular space could disrupt the drainage 

of amyloid deposits, contributing to the age-associated AD pathology [127].  
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Though tortuosity is found to be an important vascular factor contributing to various age-

related pathological conditions, however, it is neither necessary nor sufficient to produce an LA or 

AD [88]. A number of other vascular factors are critically involved in aging and the potential 

disease pathogenesis, which were also revealed in this study by OCTA as discussed in the 

following sections.   

5.5.2 Aging-related capillary loss 

The distance that oxygen can diffuse from blood into oxygen-consuming tissue is limited [2]. The 

metabolically demanding nature of the brain means, therefore, that it must be supplied by a dense 

network of microvessels, so that each point in the tissue is within a distance of oxygen diffusion 

from the nearest blood vessel. A decrease in microvascular density may increase the risk of tissue 

hypoxia, and may reduce the oxygen extraction efficiency during functional activity [128]. In 

comparison with the scarcity of systemic studies conducted for the investigation of arterial 

tortuosity during normal aging, the microvascular density changes through aging has attracted 

sizable interest. Collective evidence from 37 earlier studies have revealed an age-related vascular 

density decrease in both aging animals and human post-mortem [119] . More specifically, an 8% 

to 43% reduction in capillary numbers [89], [93], [94], [96], [97] and a 12% to 39 % reduction in 

capillary density [90]–[92], [95] were observed in brain of aged rats (22 to 31-month-old), and a 

decrease in capillary density of 16% to 50 % was measured from healthy aged human subjects 

(age 79 to 90) compared with younger subjects (age 49 to 57) [98], [99], [101], [102], [127]. 

Recently through the imaging of fluorescein isothiocyanate-dextran (FITC) dye-labeled cerebral 

capillary vessels using TPM in anesthetized rats, Desjardin et al. [55] observed 20% decrease in 

capillary density in older rats. In the current study, capillary density was measured in vivo in the 

brains of anesthetized mice with OCTA without the need for exogenous contrast agents. The VAD 
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of young and aged animals were measured as 0.40±0.05 and 0.34±0.08, respectively, which 

revealed an age-associated reduction in capillary density by 15%. Although the values from two 

groups were close, the difference is statistically significant (p<0.01) and has important implication 

on capillary flow dynamics and potentially brain oxygen extraction efficiency. In our penetrating 

vessel measurement by DOMAG, we surprisingly found little differences in arterial velocity 

between young and old groups, while capillary velocity was measured 21% in the old animals 

from capillary velocimetry measurement. We therefore speculate such dramatic increase in 

downstream flow velocity may be attributed, at least in part, to capillary density reduction. 

Despite a lack of clear consensus concerning the causes of capillary loss, previous studies have 

suggested that age-dependent microvascular dropout may be associated with a decline in amplitude 

of pulsatile secretion of growth hormone (GH) and the resulting decrease in plasma levels of 

insulin-like growth factor 1 (IGF-1) with aging [129]. Both GH and IGF-1 are responsible for the 

regulation of vascular growth, maintenance, and remodeling [130], and with advancing age, the 

secretion of these hormones is reduced, depressing the vascular regulation necessary for 

maintenance of downstream microvasculature, resulting in a progressive loss of microvessels. 

Furthermore, aging is associated with increasing blood pressure, and hypertension is known to 

cause vessel rarefaction [131]. 

Although the causal relationship between capillary loss and neurodegeneration is still 

debatable, the possible contribution of microvascular deficiencies to aged brain as well as aged-

related pathologies in cerebral vasculature and function [84], [132], could be studied under OCTA 

to enhance a comprehensive understanding of CBF reduction in these conditions.  
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5.5.3 CBF modification in the aging brain 

The energy requirement of the brain is met almost exclusively by the oxidative metabolism of 

glucose, which is delivered to local neuron cells through blood vessels by continuous and sufficient 

CBF [2]. Given that CBF is maintained and regulated by the coordinated efforts of interconnected 

blood vessels, including cerebral arteries, arterioles and capillaries [133], age-related 

modifications in the arterial morphology and capillary density undoubtedly impact both resting 

state CBF and the ability to adjust blood flow during neuronal activities. The latter hemodynamic 

feature, also referred to as regional CBF (rCBF) change during functional activation, is coupled 

with the cerebral metabolic rate of oxygen (CMRO2) in a disproportionate manner [48], which 

creates a contrast signal that can be detected by fMRI [105] or PET [106].  

Numerous studies have utilized flow-metabolism signals to investigate rCBF change with 

aging in human brains. Among those investigations, an age-related rCBF reduction was reported 

with both young and old comparison studies [105], [109] and correlative studies between rCBF 

and life time [106], [134], [135]. Although useful for the assessment of CBF involvement in brain 

function and performance during aging, these measurements only revealed relative changes in 

rCBF with respect to local cerebral metabolic rates. An absolute CBF from single arterioles was 

unobtainable by these imaging modalities, which fails to establish an association between the 

magnitudes of vascular structure modification with in vivo blood flow changes in the resting brain 

during vascular aging. On the other hand, studies using transcranial Doppler sonography [107], 

[136] has successfully examined the blood flow velocity in basal cerebral arteries in the resting 

human brain, and observed decreased blood flow velocity with increasing age. In our current study, 

we applied the Doppler principle in OCTA technology to measure the velocity in penetrating 

vessels in mouse brain. The high-resolution vessel velocity maps produced by DOMAG also 
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provided an ability of PA/RV flow area quantification, from which arteriole and venule CBF 

(mm3/s) of a cortical region can be obtained by velocity (mm/s) × area (mm2). In general, venules 

flow slower than arterioles (Figure 5.5d), but with great number of branches and larger surface 

areas (Figure 5.5e) than arterioles. The total flow volume of PA and RV almost equals to each 

other within each group (Figure 5.5f) as an implication of flow conservation, which validate the 

accuracy of DOMAG measurements on CBF. We compared the velocity, flow area, and CBF 

between young and old groups (n=8). Interestingly, mean velocities of both arterioles and venules 

are not significantly different between two age groups. The flow area (cross section size), though, 

is significantly decreased in older animals, by 35% (p<0.05) in PA and 32% (p<0.05) in RV, which 

indicates reductions in vessel size and vessel population in the older animals. Such change has 

significant effect on the CBF. As a result, there is a 33% statistically significant reduction (p<0.01) 

in PA total flow, and 31% statistically significant reduction (p<0.01) in RV total flow. 

Owing to the joint application of Doppler velocity measurements and OCTA, resting CBF can 

be evaluated concurrently with quantitative vessel tortuosity and density assessment in vivo 

through one-platform imaging. The CBF profile obtained here may be used as an important 

parameter to assess the wellness of neurovascular system. Together with a comprehensive 

evaluation on structural parameters, it may facilitate a discovery of critical thresholds in vascular 

modifications during aging, of which the magnitude of change is not secondary to normal aging 

but may instead indicate impending pathologies. 

5.5.4 Capillary velocity heterogeneity development during aging 

The capillary flow pattern, a hemodynamic parameter separated from CBF, plays an equally 

critical role in the dynamics of tissue oxygenation and neuron functions [49]. An essential imaging 

feature offered by our OCTA, aside from its ability to measure CBF in arterioles, is the capability 
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of quantitatively analyzing the RBC speed and distribution from a large array of capillary vessels 

that no other current imaging techniques can achieve. 

The significance of the spatiotemporal distribution of RBC speed within the capillary bed for 

normal brain function and pathology development has been vigorously reported in recent years. 

According to a model established by Jespersen and Østergaard [49], higher capillary transit time 

heterogneity (CTH), especially at shorter transit times (higher speeds), results in lower oxygen 

delivery to tissue relative to homogenous transit times across capillary vessels. The progressive 

development of CTH suspected with aging, therefore, is thought to have a casusative role in 

cognitive impairment with advancing age [137], [138]. Comparatively speaking, however, little 

information can be cited referring to the relevance of capillary heterogeneity to aging due to the 

inherent challenges associated with in vivo imaging of single-file, rapidly moving RBC in capillary 

vessels. To our knowledge, only one study, using high-speed TMP, has reported capillary velocity 

and heterogeneity differences between young and old rats from scanning an average number of 38 

(12~93) capillaries in the S1 cortex of each brain, which revealed a 48% and 43% increase in RBC 

mean velocity and spatial heterogeneity (standard deviation), respectively, within the aged group 

[55]. From their study, however, if excluding the animals with less than 20 measured capillaries, 

in which the samples are too few for adequate heterogeneity evaluation, age-related difference in 

heterogeneity would not be statistically significant. Applying the OCTA velocimetry in this aging 

study, we targeted at the dynamic signal generated from RBC movements within the capillary bed 

and analyzed ~40,000 frequency-derived RBC velocities within each 3-D tissue volume obtained 

from the resting S1 cortex of young and old mice. We showed, with statistical confidence, a 21% 

increase in the mean capillary velocity (p<0.05) (Figure 5.6g) and a 19% increase in heterogeneity 

(p≤0.05) (Figure 5.6h) in the old mice, which revealed, for the first time, an age-related significant 
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difference in cerebral capillary velocity heterogeneity in vivo. Moreover, the 3-D imaging of such 

large quantities of capillaries was achieved within minutes, which makes it feasible to investigate 

the on-site hemodynamic response, known as capillary flow homogenization, during stimulus-

evoked neuronal activity. How aging impacts functional hyperemia or neurovascular coupling 

warrants further investigation.  

5.5.5 Study limitation 

Several limitations from the technical perspective of OCT imaging will be addressed. First, the 

range of imaging depth for capillary density and velocity measurements was limited to 300 µm 

from the cortical surface (corresponding to layers I, II, and III of the cortex). Such choice was 

made to eliminate a bias in measuring at deeper cortical layers due to multiple-scattering that might 

cause signal attenuation and resolution degradation. Furthermore, due to such limitation, only pial 

arterioles were taken as a representative vessel group for tortuosity evaluation. To further 

investigate vessel tortuosity in deeper brain layers and its causative role in white matter diseases, 

histological analyses are required. Additionally, in capillary velocimetry method, a linear 

relationship between ED-based frequency and mean capillary transit velocity was used based on 

validation on simple network phantom experiments. An improved correlation between frequency 

and RBC velocity considering the interwoven capillary network and the size and shape of RBC 

remains to be fully explored. However, neither imaging limitations here are thought to be 

significant enough to invalidate our comparisons between young and old groups in the current 

study. 

The use of inhalational isoflurane has been shown to influence animal physiology parameters. 

Overall, the anesthetized animals tend to have increased heart rate, reduced blood pressure, and 

could potentially develop hypercapnia over time [139]–[141]. In this study, the level of isoflurane 
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was controlled at 1.5% v/v throughout, which is at the level proven in a previous study to yield 

stable blood pressure and heart rate values comparable to those observed in the animal’s conscious 

state [142], and we monitored animal physiology parameters during the experiment as shown in 

Table 5.2. The heart rate (HR) and blood pressure (BP) in the old group were on the lower side. 

One explanation for this could be that age reduces the amount of isoflurane needed [143], and as 

we kept the same level of isoflurane in both groups, the old mice might possibly be in a deeper 

anesthetic state compare to the young. The effect of isoflurane on heart and vascular function also 

depends on the level of oxygen [111]. In our study, the SpO2 was monitored, and maintained at 

~96% with the use of air/oxygen gas mixture (0.8 L/min air and 0.2 L/min O2). None of the animals 

developed hypercapinia, and there are no differences in SpO2 level between young and old groups, 

which rule out this variable from affecting physiology differences. The observed differences in 

physiology parameters (HR, BP) may have influences on the measured blood flow values (e.g. 

CBF and capillary velocity), which remains to be explored in the future study using awake mouse. 

Nonetheless, the differences in the level of anesthesia does not invalidate our main observations 

of age-associated differences in this study, especially in vascular structure, tortuosity, and capillary 

density. Further investigation may be warranted in comparing the OCTA measured parameters in 

young and aged mice under awake conditions to exclude the effect of isoflurane anesthesia on 

microcirculatory dynamics in vivo [144]. 

 

5.6 CONCLUSION 

In this study, we have systematically investigated age-associated changes in vascular features 

in mouse brains in vivo using a collection of OCTA based algorithms. From the micrometer 

resolution angiogram, an increased cerebral arterial tortuosity with a decreased capillary density 
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in old mice was revealed simultaneously, which were consistent with previously published results. 

Alongside with vessel structure modification, changes in hemodynamic parameters, including 

decreased arterial CBF and increased capillary velocity and heterogeneity were uncovered within 

the older age group. OCTA presented a superior advantage for multi-feature evaluation using just 

one imaging platform. Such information would facilitate a comprehensive understanding of 

vascular aging and its involvement in the age-related neurovascular diseases. 
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Chapter 6. SUMMARY AND FUTURE WORK 

In this dissertation, the emerging applications of functional OCTA in neurovascular research are 

comprehensively presented. From pial network to penetrating arterioles and then to capillary bed, 

from mapping the cortical vasculature to the in vivo detection of functional blood flow parameters 

in a variety of physiological conditions, the OCTA possess a great potential in guiding the study 

of brain functions and disease mechanisms.  

Specifically, three major questions in the neurovascular field were being answered through the 

imaging studies in this thesis. First, a puzzle in the fMRI signal origin, which is the incompletely 

metabolized blood oxygen at the activated neural tissue that gives rise to a BOLD contrast. From 

a microcirculatory prospective, as revealed in Chapter 3, capillary flow heterogeneity influences 

the tissue oxygen extraction ability, and in order to achieve maximum oxygenation, capillary flow 

must go through a homogenization process. Second, a leptomeningeal collateral circulation 

behavior during ischemic stroke, which was not accessible with previous imaging techniques, was 

unraveled with OMAG and DOMAG in a mouse MCAO model in Chapter 4. Vasodynamics of 

both pial collaterals and their connecting penetrating arterioles were revealed to demonstrate a 

vascular self-protective mechanism that provides therapeutic indications to stroke onset. The third 

application area address an important public health problem in the current society: aging. All 

applicable OCTA algorithms were used to evaluate the vascular aging in the mouse brain in 

Chapter 5, with a purpose to acknowledge the normal aging-related vascular changes and 

determine the threshold for pathology-associated changes. Features that were only seen previously 

by histology only (e.g. tortuous blood vessel development, vascular density dropout, CBF 

decrease, capillary rarefaction and heterogeneity increase, etc.) were revealed and quantified, for 

the first time in vivo, from a single imaging platform. Many features may have indications to the 
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risk of developing neurodegenerative diseases, such as Alzhiemer’s disease, and the imaging 

platform present a potential for future investigation of these conditions in pathology models.  

Through the application process, an important recent advance in OCTA algorithms, capillary 

velocimetry, was shown useful to depict the microcirculatory dynamics in the living tissue bed. 

Aside from its application in neuroscience, the technique has potentials in other experimental and 

clinical field, including ophthalmology and dermatology, as the pathology of many diseases are 

associated with the malfunction of capillary flow and microcirculation.  

There are still some caveats in OCTA as no single technology is perfect for all usage. For one, 

the optical penetration of OCT is limited (mm scale), restricting its brain imaging application to 

animal models only for mostly mechanisms study. Also, the nature of not requiring contrast agents 

for imaging has hindered the OCT detection of neural/cellular activities in the living brain on top 

of the more dynamic vascular behaviors. However, other intrinsic markers in the dynamic tissue 

bed that may alter the optical properties remain to be explored, and the high spatiotemporal 

resolution and 3-D capability of OCT has advantages with such explorations in the near future.  
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