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ABSTRACT 

Normal aging is associated with significant alterations in brain’s vascular structure and function, which 
can lead to compromised cerebral circulation and increased risk of neurodegeneration. The in vivo 
examination of cerebral blood flow (CBF), including capillary beds, in aging brains with sufficient spatial 
detail remains challenging with current imaging modalities. In the present study, we use three-
dimensional (3-D) quantitative optical coherence tomography angiography (OCTA) to examine 
characteristic differences of the cerebral vasculatures and hemodynamics at the somatosensory cortex (S1) 
between old (16-month-old) and young mice (2-month-old) in vivo. The quantitative metrics include 
cortical vascular morphology, CBF, and capillary flow velocity. We show that compared to young mice, 
the pial arterial tortuosity increases by 14%, the capillary vessel density decreases by 15%, and the CBF 
reduces by 33% in the old mice. Most importantly, changes in capillary velocity and heterogeneity with 
aging are quantified for the first time with sufficiently high statistical power between young and old 
populations, with a 21% (p<0.05) increase in capillary mean velocity and 19% (p≤0.05) increase in 
velocity heterogeneity in the latter. Our findings through non-invasive imaging are in line with previous 
studies of vascular structure modification with aging, with additional quantitative assessment in capillary 
velocity enabled by advanced OCTA algorithms on a single imaging platform. The results offer OCTA as 
a promising neuroimaging tool to study vascular aging, which may shed new light on the investigations of 
vascular factors contributing to the pathophysiology of age-related neurodegenerative disorders. 

 

Keyword: optical coherence tomography angiography, capillary imaging, aging, neurodegeneration, 
Alzheimer’s disease, tortuous blood vessel, capillary loss, cerebral blood flow, capillary transit time 
heterogeneity 
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1. INTRODUCTION 

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 (Diaz-Otero et al., 2016), and 
potentially lead to hypoperfusion or neurodegeneration (de la Torre, 1999). 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) (Attems 
and Jellinger, 2014; Breteler, 2000; Hofman et al., 1997). 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 the aging brain (Farkas and Luiten, 2001). Changes in vascular morphology have 
been identified in early studies by microscopy with post-mortem brain tissue. In larger vessels, for 
example, increased tortuosity has been observed in the middle, anterior and posterior cerebral arterioles of 
aging mice (Faber et al., 2011; Kang et al., 2016), and in the penetrating arterioles within the white matter 
from humans as early as in middle age (Bullitt et al., 2010; Thore et al., 2007). At the level of cerebral 
microvessels, there are considerable evidences of an age-related reduction in capillary numbers and 
capillary density in the brain of aged rodents (Amenta et al., 1995; Burns et al., 1981; Casey and Feldman, 
1985; Hinds and McNelly, 1982; Jucker et al., 1990; Knox and Oliveira, 1980; Sonntag et al., 1997; 
Villena et al., 2003; Wilkinson et al., 1981), and a decreased capillary density in older human brains 
(Abernethy et al., 1993; Bell and Ball, 1981; Brown et al., 2007; Buée et al., 1994; Mann et al., 1986).  

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 (Xu et al., 2017). 
Consequently, cerebral metabolism can diminish, which eventually jeopardizes functional neuronal 
activities (Kisler et al., 2017). 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) (Ances et al., 2009) and positron emission tomography (PET) (Aanerud et al., 2012) have 
used to reveal regionally-specific decreases in CBF during functional activity of brain in aging, while 
transcranial Doppler sonography (Demirkaya et al., 2008) 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 (Berman et al., 1988; Bertsch et 
al., 2009; Heo et al., 2010; Lynch et al., 1999), changes in microscopic flow remained poorly understood 
due to their inherent limitations in providing adequate spatial resolution required to assess capillary flow 
(Wang et al., 2014), 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 (Desjardins et al., 2014). 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 (Choi et al., 
2016). Furthermore, recent advances in OCT angiography (OCTA) techniques, such as the development 
of optical microangiography (OMAG) (Wang et al., 2007), 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 RBCs in functioning blood vessels. Furthermore, Doppler OMAG 
(DOMAG) (Shi et al., 2013) has been developed to quantitatively measure RBC moving velocity via the 
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axial component and to evaluate penetrating arterioles (PA) flow dynamics in the cerebral cortex (Baran 
et al., 2015). 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 (Wang et al., 2017). 
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 capillary flow heterogeneity in the region of interest (Li et 
al., 2018).  

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.  

 

2. METHOD AND MATERIALS 

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 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 (Li et al., 2014), 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 Fig. 1. In this procedure (Li et al., 2014), a circular piece of skull was carefully 
detached and replaced with a round, transparent glass coverslip measuring 5 mm in diameter. 
Cyanoacrylate glue was used to seal the glass coverslip to the skull, yielding a 4-mm-diameter flat cortex 
surface as an imaging window. The entire cranial window was subjected to OCT imaging with dedicated 
scanning protocols in section 2.3. Physiological parameters of the animal were monitored, including 
anesthesia depth, blood pressure (CODA Surgical Monitor, Kent Scientific Corp.), as well as body 
temperature (507223F, Harvard Apparatus) throughout the experiments, before then being euthanized by 
cervical dislocation. 

2.2 OCT system configuration 

An in-house-built, 1300 nm high-speed spectral-domain OCT (SD-OCT) system (Fig. 1) was employed 
for in vivo imaging of mouse cerebral cortex (Wang and An, 2009). The system was equipped with a 
broadband super-luminescent diode (SLD) light source (LS2000B, Thorlabs Inc.) with a center 
wavelength of 1349 nm and a spectral bandwidth of ~110 nm at 3dB, providing a measured axial 
resolution of ~7 µm in air (~5.1 µm in mouse brain tissue). In the sample arm, a 10× objective lens 
(LSM02, Thorlabs Inc.) focused the light beam into the cerebral cortex through the cranial window, 
giving a lateral resolution of ~10 µm. The light reflected from the sample interfered with the reference 
light, which was then spectrally detected by a custom spectrometer consisting of a transmission grating, 
an achromatic double lens, and a 1024-pixel InGaAs line scan camera operated at 92,000 axial scans per 
second. The light beam was scanned over the cranial window using a paired X-Y galvo scanners (6210H, 
Cambridge Technology), yielding 3-D volumetric data set (z-x-y). The system sensitivity was measured 
to be 105 dB at the focus (~500 µm below the zero delay line) with an incident light power of ~5 mW at 
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the sample. A visible light (633 nm He-Ne laser) was coupled to the system to aid in targeting the 
scanning regions. 

 

2.3 OCTA scanning protocols  

Three scanning protocols were employed at single imaging session for different types of blood flow 
analysis as described below. 

2.3.1 OMAG 

OMAG scanning protocol (Wang et al., 2007) 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. 

2.3.2 DOMAG 

DOMAG scanning protocol (Shi et al., 2013) 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). 

2.3.3 OCTA capillary velocimetry 

This protocol (Wang et al., 2017) 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 the cranial window, one region was proximal to the middle 
cerebral artery (MCA), and the other proximal to anterior cerebral artery (ACA). 

2.4 Data analysis 

Multiple flow parameters were derived from the OCTA datasets acquired using different scanning 
protocols on a single OCT platform. The methods used for measuring these vascular parameters, are 
described as below. All analyses were performed in Matlab (Mathworks, MA, USA) using in-house-
designed codes. 

2.4.1 Arterial tortuosity measurement 

Vessel tortuosity index (VTI) was used to evaluate vessel tortuosity, which is defined as an arc-chord 
ratio (Hutchins et al., 1978), 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 (Fig. 2(a)). 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 (Faber et al., 2011). A manual segmentation 
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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 2(b)), 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 (Efford, 2000), 
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 Fig. 2b returns pixel 
paths of 3 and 1 for 4-neighborhood (Fig. 2(c)) and 8-neighborhood (Fig. 2(d)), 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 VTI was calculated by arc/chord ratio, having a minimum value of 1 (i.e. if 
VTI = 1, the vessel is straight). 

2.4.2 Capillary vessel density quantification 

We calculated vessel area density (VAD), defined as the percentage of area occupied by vessels (Chu et 
al., 2016; Kim et al., 2016), 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 (Chu et al., 2016). 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 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 
(Chu et al., 2016). Finally, the VAD was calculated as a ratio of the area occupied by vessels to a given 
region (2.5mm × 2.5mm selected).  

2.4.3 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 
(Nishimura et al., 2007). 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 (Shi et al., 2013; Wang and An, 2009). 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 (Srinivasan et al., 2010; Zhi et al., 2011). 

2.4.4 Capillary mean velocimetry and velocity heterogeneity calculation 

An eigen decomposition (ED) -based analysis was used to reveal capillary flow velocity within the 3-D 
tissue volumes (Wang et al., 2017). 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 RBCs 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 autocorrelation of the 
obtained eigenvectors. Then, the capillary flow speed was obtained according to a linear relationship 
between measured frequency and RBC velocity (Wang et al., 2017). For a more accurate evaluation of 
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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 the standard 
deviation, respectively, from all capillaries in the 3-D dataset. 

2.5 Statistical analysis 

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. 

 

3. RESULTS 

3.1 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. 

 

 
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 

 

Table 1. Measured physiology parameters. 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. 

 

3.2 Arterial tortuosity 

OMAG angiograms shown for young (Fig. 3(a)) and old mice (Fig. 3(b)) are of mostly pial vessel 
networks obtained within 50-µm-thick slab from cortical surface (Fig. 3(c)). The average VTI value 
measured from the 9 AAA segments in young group (Fig. 3(d)) was 1.19±0.07, whereas the mean value 
for the aged group (Fig. 3(e)) 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) (Fig. 3(f)), indicating that the collateral vessels at in the 
older mice are more tortuous. 

3.3 Capillary vessel density 
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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 
(Fig. 4(a), 4(b)), which show larger surface arterioles only, the OMAG angiograms (Fig. 4(c), 4(d)) 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 (Fig. 4(d)). The distribution of VAD is more heterogeneous 
in the old mice (Fig. 4(f)) compared to the young (Fig. 4(e)). Frequency histogram distribution further 
shows higher population of VAD over the mean for young mice (Fig. 4(g)), 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 (Fig. 4(h)). 

3.4 CBF measurements from PA flow 

Bidirectional blood flow velocity maps were revealed by DOMAG for young and old mice (Fig. 5(a)), 
and an x-y orthogonal slice from a 3-D dataset (Fig. 5(b)) produces a projection of flow cross sections 
(Fig. 5(c)). In Fig. 5(c), 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 Fig. 5(d)-(f). For the mean velocity measurement (Fig. 5(d)), 
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 (Fig. 5(e)). 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 
Fig. 5(f), 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. 

3.5 Capillary mean velocity and heterogeneity 

Standard OMAG angiograms of young (Fig. 6(a)) and old mice (Fig. 6(b)) 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 (Fig. 6(c), 6(d)) and old mice 
(Fig. 6(e), 6(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 (Fig. 6(g)). 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) (Fig. 6(h)). 

 

4. DISCUSSION 

4.1 Relevance and result interpretation 

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 
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velocity heterogeneity, all at statistically significant levels. We here discuss each characteristic aged-
associated changes in details.  

 

 

 

 

 
Parameter Group 

 
 

Change  

(young → old) 

  
Young Old 

 
Vessel tortuosity index (VTI)  1.19 ± 0.07 1.36 ± 0.09 

 
+14%**  

 
Capillary density (VAD) 0.40 ± 0.05 0.34 ± 0.08 

 
-15%**  

 
PA cerebral blood flow (mm3/s) 1.03 ± 0.04 0.69 ± 0.03 

 
-33%**  

 
Capillary mean velocity (mm/s) 1.11 ± 0.17a 1.34 ± 0.23a 

 
+21%*  

 
Capillary velocity heterogeneity (mm/s) 0.44 ± 0.07a 0.52 ± 0.08a 

 
+19%* ,b 

 

Table 2. 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.  

 

4.1.1 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 (Diaz-Otero et al., 2016). One of the most noticeable changes, the development 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 (Brown and Thore, 2011). 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 (Spangler et al., 1994; Thore et al., 2007), 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 (Faber et al., 2011). 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 
(Fig. 3(f)). 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. 
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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). 

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 (Han, 2012). 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 (Yildiz, 2007). 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 
(Kohn et al., 2015).  

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 (Sugawara et al., 2008). 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 (Moody et al., 1991). 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 (Moody et al., 1991; Spangler et al., 1994). 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) (Thore et al., 2007). 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 (Faber et al., 2011). 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 (Nicoll et al., 2004). The enlarged perivascular space could disrupt the 
drainage of amyloid deposits, contributing to the age-associated AD pathology (Brown et al., 2000).  

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 (Thore et 
al., 2007). 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.   

4.1.2 Aging-related capillary loss 

The distance that oxygen can diffuse from blood into oxygen-consuming tissue is limited (Gagnon et al., 
2016). 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 (Hirsch et al., 2012). 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 (Brown and Thore, 2011). More specifically, an 8% to 43% 
reduction in capillary numbers (Amenta et al., 1995; Jucker et al., 1990; Knox and Oliveira, 1980; Villena 
et al., 2003; Wilkinson et al., 1981) and a 12% to 39 % reduction in capillary density (Burns et al., 1981; 
Casey and Feldman, 1985; Hinds and McNelly, 1982; Sonntag et al., 1997) 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 
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healthy aged human subjects (age 79 to 90) compared with younger subjects (age 49 to 57) (Abernethy et 
al., 1993; Bell and Ball, 1981; Brown et al., 2000; Buée et al., 1994; Mann et al., 1986). Recently through 
the imaging of fluorescein isothiocyanate-dextran (FITC) dye-labeled cerebral capillary vessels using 
TPM in anesthetized rats, Desjardin et al.(2014) 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 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 (Sonntag et al., 1997). Both GH and IGF-1 are responsible for the regulation 
of vascular growth, maintenance, and remodeling (Khan et al., 2002), 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 
(Sokolova et al., 1985; Gligorsky, 2010). 

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 (Farkas and Luiten, 2001; Fischer et al., 1990), could be studied under 
OCTA to enhance a comprehensive understanding of CBF reduction in these conditions.  

4.1.3 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 (Gagnon 
et al., 2016). Given that CBF is maintained and regulated by the coordinated efforts of interconnected 
blood vessels, including cerebral arteries, arterioles and capillaries (Kisler et al., 2017), 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 (Paulson et al., 2010), which creates a 
contrast signal that can be detected by fMRI (Ances et al., 2009) or PET (Aanerud et al., 2012).  

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 (Ances et al., 2009; Bertsch et al., 2009) and correlative studies between rCBF and 
life time (Aanerud et al., 2012; Chen et al., 2011; Schultz et al., 1999). 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 (Demirkaya et 
al., 2008; Krejza et al., 1999) 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 
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penetrating vessels in mouse brain. The high-resolution vessel velocity maps produced by DOMAG also 
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 (Fig. 5(d)), but with great number of branches and larger surface areas (Fig. 5(e)) than arterioles. 
The total flow volume of PA and RV almost equals to each other within each group (Fig. 5(f)) 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 diameter 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. 

4.1.4 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 (Gagnon et al., 2016; Jespersen and 
Østergaard, 2012). An essential imaging feature offered by our OCTA, aside from its ability to measure 
CBF in arterioles, is the capability 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 & Østergaard (2012), 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 
(Østergaard et al., 2013, 2015). 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 RBCs 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 (Desjardins et al., 2014). 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) (Fig. 6(g)) and a 19% 
increase in heterogeneity (p≤0.05) (Fig. 6(h)) in the old mice, which revealed, for the first time, an age-
related significant 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 (Li et al., 2018), 
during stimulus-evoked neuronal activity. How aging impacts functional hyperemia or neurovascular 
coupling warrants further investigation.  
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4.2 Study limitations 

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 (HR), reduced blood pressure (BP), and could 
potentially develop hypercapnia over time (Janssen et al., 2004; Schlünzen et al., 2006; Vutskits and Xie, 
2016). In this study, the level of isoflurane 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 (Constantinides et al., 2011), and we monitored animal 
physiology parameters during the experiment as shown in Table 1. The HR and BP in the old group were 
on the lower side. One explanation for this could be that age reduces the amount of isoflurane needed 
(Matsuura et al., 2009), 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 (Constantinides et al., 2011). 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), and there were no differences in SpO2 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 (Moeini et al., 2015). 

5. 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 in old mice was revealed 
simultaneously, which was 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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HIGHLIGHTS 

• Quantitative findings of age-associated vascular changes revealed from single-platform imaging 
• Arterial tortuosity increases by 14% with older age. 
• Capillary density decreases by 15% with older age. 
• Cerebral blood flow reduces by 33% with older age. 
• Capillary velocity increases by 21% and velocity heterogeneity increases by 19% with older age.  
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