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ABSTRACT

Normal aging is associated with significant altemad in brain’s vascular structure and function,clih
can lead to compromised cerebral circulation arateised risk of neurodegeneration. Tihevivo
examination of cerebral blood flow (CBF), includiogpillary beds, in aging brains with sufficienagpl
detail remains challenging with current imaging mlittes. In the present study, we use three-
dimensional (3-D) quantitative optical coherencendgraphy angiography (OCTA) to examine
characteristic differences of the cerebral vasoodstand hemodynamics at the somatosensory c@&1gx (
between old (16-month-old) and young mice (2-maoith)-in vivo. The quantitative metrics include
cortical vascular morphology, CBF, and capillagwil velocity. We show that compared to young mice,
the pial arterial tortuosity increases by 14%, ¢hpillary vessel density decreases by 15%, an€CBfe
reduces by 33% in the old mice. Most importantlyareges in capillary velocity and heterogeneity with
aging are quantified for the first time with suféiotly high statistical power between young and old
populations, with a 21%p€0.05) increase in capillary mean velocity and 1@80.05) increase in
velocity heterogeneity in the latter. Our findinfisough non-invasive imaging are in line with pmg
studies of vascular structure modification withregiwith additional quantitative assessment inlzapi
velocity enabled by advanced OCTA algorithms oimgle imaging platform. The results offer OCTA as
a promising neuroimaging tool to study vasculanggwhich may shed new light on the investigatiohs
vascular factors contributing to the pathophysiglofjage-related neurodegenerative disorders.

Keyword: optical coherence tomography angiograpbapillary imaging, aging, neurodegeneration,
Alzheimer's disease, tortuous blood vessel, capillass, cerebral blood flow, capillary transit tam
heterogeneity



1. INTRODUCTION

Normal aging is associated with modifications te tiomechanical properties of blood vessels, which
can result in anatomical and functional alterationthe brain vasculatures (Diaz-Otero et al., 3046d
potentially lead to hypoperfusion or neurodegememaide la Torre, 1999). Although there is no
consensus reached regarding the causal relatiobhshigeen a decreased cerebral blood flow (CBF) and
decline of neuronal function, there is an increggirevalence of coincident cerebrovascular defajien
and cognitive dysfunction with aging that is alsellwecognized in Alzheimer's disease (AD) (Attems
and Jellinger, 2014; Breteler, 2000; Hofman eti97). Thus, the ability to image cerebral vadouks
with superior spatial detail in the aging brain @aagrecisely quantify vascular parameters will aoty

be invaluable to uncover the vascular deficiencgoaimted with normal aging, but also crucial to
decipher the functional relationship between ceredscular factors and pathological neurodegeneratio

A compromised structural integrity of the cerebrasculature is a representative degenerative teatur
the vascular system in the aging brain (Farkaslantgn, 2001). Changes in vascular morphology have
been identified in early studies by microscopy wjitbst-mortem brain tissue. In larger vessels, for
example, increased tortuosity has been observiietimiddle, anterior and posterior cerebral artesiof
aging mice (Faber et al., 2011; Kang et al., 2046l in the penetrating arterioles within the wiiiztter
from humans as early as in middle age (Bullittlet2010; Thore et al., 2007). At the level of dued
microvessels, there are considerable evidences adge-related reduction in capillary numbers and
capillary density in the brain of aged rodents (Aaeet al., 1995; Burns et al., 1981; Casey andriah,
1985; Hinds and McNelly, 1982; Jucker et al., 1980px and Oliveira, 1980; Sonntag et al., 1997;
Villena et al., 2003; Wilkinson et al., 1981), aaddecreased capillary density in older human brains
(Abernethy et al., 1993; Bell and Ball, 1981; Broatral., 2007; Buée et al., 1994; Mann et al., 1986

The anatomical changes seen in the cerebral vessglsalter the conductance and resistance of the
vascular network, leading to reduced CBF or evemopgrfusion in the cerebral tissue (Xu et al., 2017
Consequently, cerebral metabolism can diminish,clvhéventually jeopardizes functional neuronal
activities (Kisler et al., 2017). A number of clial studies employing a range of imaging techne®gi
have investigated CBF or arterial flow velocityhimalthy aging subjects. Functional magnetic resoman
imaging (fMRI) (Ances et al., 2009) and positronigsion tomography (PET) (Aanerud et al., 2012) have
used to reveal regionally-specific decreases in @Bfng functional activity of brain in aging, wail
transcranial Doppler sonography (Demirkaya et28l08) has shown a decrease in blood flow veloqity i
large cerebral arteries with advancing age. Althotliesein vivo imaging studies have cumulatively
found an association between macroscopic perfusiduction and aging (Berman et al., 1988; Bertsch e
al., 2009; Heo et al., 2010; Lynch et al., 199%anrmes in microscopic flow remained poorly underdto
due to their inherent limitations in providing adate spatial resolution required to assess capiflaw
(Wang et al., 2014), in addition to a sufficientnptration depth to image sub-surface cerebral
microvessels in a living subject without excesslisruption to the neuronal environment. A recerimngg
study has attempted to address such challengestilizing high-speed two-photon fluorescence
microscopy (TPM) to examine age-related differeniceserebral capillary blood flow between young
and old rodent brainis vivo (Desjardins et al., 2014). Despite outstandinggenguality, the very slow
speed of data-acquisition and the restricted ingagiea (800um x 800um) or depth (100 um below the
surface) make the TPM a less ideal tool for imagieigbral capillary blood flow.

Optical coherence tomography (OCT) has emerged asnainvasive neuroimaging technique that
distinguishes itself from other micrometer-scalsotation imaging techniques with a significant gpee
advantage in 3-D imaging and an appreciable pediwirdepth, typically ab1 mm in tissue (Choi et al.,
2016). Furthermore, recent advances in OCT angibgrédOCTA) techniques, such as the development
of optical microangiography (OMAG) (Wang et al. 02, have allowed for the acquisition of blood flow
information from the volumetric OCT dataset downthe capillary level by coherently analyzing the
intrinsic scattering property of moving RBCs in ftioning blood vessels. Furthermore, Doppler OMAG
(DOMAG) (Shi et al., 2013) has been developed tantjtatively measure RBC moving velocity via the



axial component and to evaluate penetrating atésri@PA) flow dynamics in the cerebral cortex (Bara
et al., 2015). In addition to quantitative assesgrnéarteriole blood flow, we have recently deysdd an
eigen-decomposition (ED) analysis of the completicap signals generated by high-speed OCTA scans
to extract the frequency components of singleffileving RBC in capillary passages (Wang et al., 2017
A statistical evaluation of a large quantity (thaods) of capillary velocities in 3-D tissue volunag<0

us temporal resolution provides a glimpse of capillfow heterogeneity in the region of interest @ti

al., 2018).

In this study, we employed a combination of OCTAht@ques to examine the age-related vascular and
blood flow changes in the cerebral cortex of aresthd micen vivo using a single imaging platform.
The effect of aging on cerebral vessel structukiarvivo flow dynamics is quantitatively characterized
using OCTA measurement parameters of vessel tatyuaad density, CBF, capillary velocity and
heterogeneity.

2. METHOD AND MATERIALS
2.1 Animal preparation

All experimental procedures in this study perfornmd animals were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Unsir of Washington. Young (2-month-old, n=8)
and old (16-month-old, n=8) male C57BL/6 mice (Oé=suRiver Laboratory) were used. Females were
not included due to potential influence of hormofiattuation on blood flow. Mice were housed in
individual cages at the imaging facility for at $¢dl week prior to experimentation on a 12/12-hour
light/dark cycle with access to food and wateribitium.

On the day of the experiment, mice were anesthietigth isoflurane and placed on a stereotaxic frame
(51625, Stoelting Co.) for head stabilization. Isane was continuously being delivered to the ahim
with a mixture of 0.2 L/min pure oxygen and 0.8 idnair. Each mouse received an open skull cranial
window surgery (Li et al.,, 2014), where a 4.5-mrardéeter round craniotomy at the somatosensory
cortex (S1) region (1 mm posterior and laterah® bregma) was performed on the right parietal tzene
shown in an inset of Fig. 1. In this procedure €Lial., 2014), a circular piece of skull was callgfu
detached and replaced with a round, transparerss gtoverslip measuring 5 mm in diameter.
Cyanoacrylate glue was used to seal the glass slgvés the skull, yielding a 4-mm-diameter flatrimx
surface as an imaging window. The entire cranialdew was subjected to OCT imaging with dedicated
scanning protocols in section 2.3. Physiologicalapgters of the animal were monitored, including
anesthesia depth, blood pressure (CODA SurgicalitgiorKent Scientific Corp.), as well as body
temperature (507223F, Harvard Apparatus) througtteiexperiments, before then being euthanized by
cervical dislocation.

2.2 OCT system configuration

An in-house-built, 1300 nm high-speed spectral-dan@CT (SD-OCT) system (Fig. 1) was employed
for in vivo imaging of mouse cerebral cortex (Wang and An,9200he system was equipped with a
broadband super-luminescent diode (SLD) light seufcS2000B, Thorlabs Inc.) with a center
wavelength of 1349 nm and a spectral bandwidth Tf0~nm at 3dB, providing a measured axial
resolution of ~7 um in air (~5.1 um in mouse bragsue). In the sample arm, a 10x objective lens
(LSMO02, Thorlabs Inc.) focused the light beam itit@ cerebral cortex through the cranial window,
giving a lateral resolution of ~10 um. The lighfleeted from the sample interfered with the refeen
light, which was then spectrally detected by a mmsspectrometer consisting of a transmission gyatin
an achromatic double lens, and a 1024-pixel InGarssscan camera operated at 92,000 axial scans per
second. The light beam was scanned over the cramdbw using a paired X-Y galvo scanners (6210H,
Cambridge Technology), yielding 3-D volumetric da&t (z-x-y). The system sensitivity was measured
to be 105 dB at the focus (=500 um below the zetaydine) with an incident light power of ~5 mW at



the sample. A visible light (633 nm He-Ne laser)swaupled to the system to aid in targeting the
scanning regions.

2.3 OCTA scanning protocols

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

2.3.1 OMAG

OMAG scanning protocol (Wang et al., 2007) is usedmage the morphological features of cerebral
blood vessel networks. In this protocol, each Braconsisted of 400 A-lines (z axis) covering a
distance of ~2.5 mm in the transverse directioaxi). B-frame was repeated 8 times at each trassve
location, and a total of 400 locations was recorideithe C-scan direction (y axis) covering a distanf
~2.5 mm. Therefore, the final 3-D volumetric datasensisted of 3200 B-frames, which took ~15 s to
acquire at A-scan rate of 72 kHz and B-frame r&t#80 frames/sec (fps). This protocol was performed
on four quadrants, and the final image (4mm x 4w automatically stitched from 4 angiograms with
~1 mm overlap.

2.3.2 DOMAG

DOMAG scanning protocol (Shi et al., 2013) is usedmage axial velocity components of cerebral
blood flows, particularly in penetrating vesselbisTprotocol was performed with 25 A-lines repebted
acquired at each depth location to give one M-g@aiaxis). A B-frame consisted of 300 M-scans
covering ~2 mm (x axis), and a total of 300 B-fram(g axis) covering ~2 mm was captured to
accomplish the 3-D dataset. The total scanning tfreach dataset is ~50 s at A-scan rate of 45d«idlz
B-frame rate of 6 fps. This protocol was perfornead® tiles over the cranial window to produce tinalf
stitched bidirectional flow velocity map (5mm x 5 im

2.3.3 OCTA capillary velocimetry

This protocol (Wang et al., 2017) is used to imhgierogeneous properties of capillary hemodynamics
within scanned tissue beds. In this protocol, wealseA-scan rate to be 20 kHz with 50 A-line pernfed
consecutively at each M-scan position. This setjiiledds adjustable A-line interval time from 58 to

2.5 ms to potentially analyze slow to fast capjliiows from 100um/s to 5 mm/s. A B-frame consisted
of 200 M-scans covering ~1.5 mm (x axis). A tothl200 B-frames covering ~1.5 mm (y axis) was
acquired to finish off the 3-D dataset. The toi@letto complete one 3-D dataset is ~ 100 s. Thitopol

was performed at two selected regions inside thriar window, one region was proximal to the middle
cerebral artery (MCA), and the other proximal téegior cerebral artery (ACA).

2.4 Data analysis

Multiple flow parameters were derived from the OCTatasets acquired using different scanning
protocols on a single OCT platform. The methodsdufe® measuring these vascular parameters, are
described as below. All analyses were performeatlab (Mathworks, MA, USA) using in-house-
designed codes.

2.4.1 Arterial tortuosity measurement

Vessel tortuosity index (VTI) was used to evaluagssel tortuosity, which is defined as an arc-chord
ratio (Hutchins et al., 1978), i.e. the ratio deagth of curved vessel (arc) to a distance ofigiitdine
(chord) between the end points of a vessel seg(rR@nt2(a)). In this analysis, segments MCA and ACA
were chosen, referred to as arteriolo-arteriolastomosis (AAA), for collateral tortuosity compais
between young and old population. Our choice of AisAationalized by the frequent development of
collateral vessel tortuosity being reported in naraging (Faber et al., 2011). A manual segmemtatio



was performed from 3-D OMAG angiograms to show pedsels within 50-um-thick slab from cortical
surface followed by a binary processing to obtdie wessel skeleton. In a representative 5-pixel
skeletonized vessel centerline (Figure 2(b)), cHergth was simply the Euclidean distance (yellow
dashed line) between two end-point pixels, whetikasarc length was obtained by summing distance of
horizontally/vertically and diagonally connectedegds using pixel connectivity method (Efford, 2000)
which describes the way in which pixels relateheirt neighbors. In this method, the horizontally an
vertically connected pixels are identified as 4ghbiorhood pixels, whereas the diagonally connected
pixels are regarded as 8-neighborhood pixels. R@xample, the vessel segment in Fig. 2b retune pi
paths of 3 and 1 for 4-neighborhood (Fig. 2(c)) @ideighborhood (Fig. 2(d)), respectively. The
resulting arc length can be calculated by: (difiees of pixel path number between 4- and 8-

neighborghoods) x/2 + total pixel number — pixel path number for 4gidiorhood, that is ((3—

1)xy/2)+5-3 =4.8. Finally, the VTI was calculated by ahord 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), definethaspercentage of area occupied by vessels (Chu et
al., 2016; Kim et al., 2016), of the capillary netk obtained from OMAG angiogram. This parameter
calculation was developed previously within ouruygraand validated in ophthalmic imaging for retinal
VAD measurements (Chu et al., 2016). To more atelyreevaluate cerebral capillary VAD, we
reconstructed the 3-D OMAG dataset to segment gudf@hick slab of vessels from the cortical surface
avoiding biased measurements at deeper corticatdajue to multiple-scattering that might causealig
attenuation and resolution degradation. Additiondrge pial vessels (>50 um in diameter) fromehe
face image were excluded. Therefore, individual capé within the reconstructed 3-D image were
resolvable. The image was then processed intoaybimage using global thresholding, a hessiaarfilt
and adaptive thresholding to generate a binaryelesga map, where a value of 1 represents a white
pixel, i.e. the presence of a capillary vessel, @ide black pixel, i.e. the absence of a functigniessel
(Chu et al., 2016). Finally, the VAD was calculagsia ratio of the area occupied by vessels teengi
region (2.5mm x 2.5mm selected).

2.4.3 CBF analysis

Penetrating arterioles (PA) pass blood directlynfitbie pial vessel network and remains uncollatezdli
which vertically descend into the cortex tissue aewirn as rising venules (RV) to the pial network
(Nishimura et al., 2007). We evaluated CBF in batterioles and venules from 3-D DOMAG velocity
maps. In this method, firstly, the axial velocitiy BA/RV found by phase-based methods utilizing the
well-known Doppler effect (Shi et al., 2013; WanglaAn, 2009). From the 3-D velocity dataset, an x-y
orthogonal slice ~50 um below the cortex surface s&lected from the 3-D dataset to evaluate flow
cross sections. Next, regional CBF was obtainedvédgcity x flow area for each type of vessels
measured within 3.5 mm x 3.5 mm region. The valuese than normalized to a unit region (1 fhiand
compared between young and old groups. Note tlmCBF measurement is independent of the Doppler
angle (Srinivasan et al., 2010; Zhi et al., 2011).

2.4.4 Capillary mean velocimetry and velocity heteroggnealculation

An eigen decomposition (ED) -based analysis wad tseeveal capillary flow velocity within the 3-D
tissue volumes (Wang et al., 2017). Briefly, a frecy analysis was firstly obtained using the dewere
matrix of grouped A-lines (50 repetitions), with iah the eigenvalues and eigenvectors that repréisent
subsets of the signal markup were calculated. maks generated by moving RBCs were isolated nia a
adaptive regression filter to remove the eigen ammepts that represent static tissue, whereas the
frequency components of moving RBC were calculdtgdugh first lag-one autocorrelation of the
obtained eigenvectors. Then, the capillary floweshbavas obtained according to a linear relationship
between measured frequency and RBC velocity (Waral.,e2017). For a more accurate evaluation of



capillary velocity and heterogeneity, additionaymentation was performed on each B-frame to remove
vessels with lumen larger than 15 pum in diametastly, capillary mean velocity and velocity
heterogeneity within the scanned tissue volume wbtained by calculating the mean and the standard
deviation, respectively, from all capillaries iretB-D dataset.

2.5 Statistical analysis

The differences between young (n=8) and aged (gr@)p were statistically tested using Studeteists
(two-tailed) for each variable presented in thisigt p<0.05 was considered statistically significant.

3. RESULTS
3.1 Measured physiology parameters

The mean recorded heart rate, respiratory rateriarblood pressure (diastolic and systolic), &l as
blood oxygen saturation level (SpQare shown in Table 1. Respiratory rate and Sp&els were not
significantly different between young and aged gsubut the heart rate was 10% lower and arterial
pressure (both systolic and diastol@s 11% lower in the older animals at statistically significdewel

of p<0.05.

Paramete Groug

Young olid
Number of anima 8 8
Heart rate (beats/mi 483 + 52* 435 + 47*
Respiratory rate (breaths/m 92 + 1( 87 £ 11
Diastolic arterial pressure (mm F 68 + 12* 61 £ 10*
Systolic arterial pressure (mm 81 + 14* 72 £11*
Blood oxygen saturation (Sy.%) 96 £ 1 96 £ 1

Table 1. Measured physiology parameters. Valuesvishare mean * std. (standard deviation of groupnneghe asterisk
symbols and bold text denote statistically sigaificdifferenceg<0.05) between the two groups.

3.2 Arterial tortuosity

OMAG angiograms shown for young (Fig. 3(a)) and oiite (Fig. 3(b)) are of mostly pial vessel
networks obtained within 50-um-thick slab from amt surface (Fig. 3(c)). The average VTI value
measured from the 9 AAA segments in young groug.(8{d)) was 1.19+0.07, whereas the mean value
for the aged group (Fig. 3(e)) was 1.36+0.09. Thé & AAA in old mice is 14% statistically signifit
higher than that of the young group<(.01) (Fig. 3(f)), indicating that the collatenadssels at in the
older mice are more tortuous.

3.3 Capillary vessel density



Differences in the capillary vessel density betwgenng and old mice were qualitatively revealed by
OMAG angiograms and quantified by VAD parametercémparison with the light microscopic images
(Fig. 4(a), 4(b)), which show larger surface adies only, the OMAG angiograms (Fig. 4(c), 4(d)eal
high resolution cerebral microvascular networks ddw the capillary level. Comparing the angiograms,
it is apparent that the older mouse had an unevsribdition of vascular perfusion, where localized
rarefaction of capillary perfusion can be seen.(&{@)). The distribution of VAD is more heterogene

in the old mice (Fig. 4(f)) compared to the youmldg( 4(e)). Frequency histogram distribution furthe
shows higher population of VAD over the mean fouryg mice (Fig. 4(g)), and statistical evaluation
reveals the VAD of old mice (0.34+0.08) is 15% istatally significant lower than that of young mice
(0.40+0.05) at a significant level p&0.01 (Fig. 4(h)).

3.4 CBF measurements from PA flow

Bidirectional blood flow velocity maps were revahley DOMAG for young and old mice (Fig. 5(a)),
and an x-y orthogonal slice from a 3-D dataset.(b{ty)) produces a projection of flow cross sedion
(Fig. 5(c)). In Fig. 5(c), PA and RV axial velocipyojections on x-z plane can be seen as greemeahd
dots. We compared aged related differences in t@nnvelocity, and flow area, and total flow of both
PA and RV within a unit region (1 nfinin Fig. 5(d)-(f). For the mean velocity measurein@ig. 5(d)),
the arteriole velocity was measured to be greatar the venule velocity, in both young and old adm
No statistically significant differences were fouimdpenetrating vessel velocity between young ddd o
groups. In general, flow area of venules was lathan arterioles (Fig. 5(e)). The average flow arka
PA is decreased by 35%<0.05) and flow area of RV is decreased by 3p%®(05) in older animals. In
Fig. 5(f), the total flow (mriis) is calculated as velocity (mm/s) x flow arearfn In the old group,
there is a 33% statistically significant reductiqr0.01) in PA total flow, and 31% statistically
significant reduction g<0.01) in RV total flow. Additionally, no significda differences were found
between PA and RV total flow volume in each indixdatlanimal.

3.5 Capillary mean velocity and heterogeneity

Standard OMAG angiograms of young (Fig. 6(a)) aladneice (Fig. 6(b)) delineate two regions on each
angiogram for velocimetry assessment, one proximaWlCA and the other proximal to ACA. The
resulting velocimetry maps of the two selectedaergiare shown for young (Fig. 6(c), 6(d)) and oldem
(Fig. 6(e), 6(f). Each velocimetry map contain®;000 frequency signals within the 3-D tissue vatum
The quantification reveals a capillary mean velpcif 1.11+0.17 mm/s in young mice and 1.34+0.23
mm/s in old mice (value taken from mean of bothoes). Therefore, the mean capillary velocity i821
higher in the old group than in the young at défere level 0£<0.05 (Fig. 6(g)). The standard deviation,
which is regarded as velocity heterogeneity wasutated as 0.44+0.07 mm/s and 0.52+0.08 mm/s in
young and old mice, respectively, yielding a 19%réase in capillary velocity heterogeneity in the o

group 0<0.05) (Fig. 6(h)).

4. DISCUSSION
4.1 Relevance and result interpretation

Strong evidence has shown that the degeneratidineobrain vasculature and reduced blood flow may
underlie age-associated decline in neuronal funatio cognition, although the underlying mechanism
remains unclealVith a host of novel OCTA imaging algorithms, weaqtitatively characterized a series
of age-related differences in cerebral vasculaamé blood flowin vivo with superior spatial detail
between healthy young and old mice. A summary odlifigs is shown in Table 2. Some important
changes in aged animals include 14% increase iatedl tortuosity, 15% decrease in capillary dgnsi
33% decrease in arterial CBF, 21% increase in leapimean velocity and 19% increase in capillary



velocity heterogeneity, all at statistically sigo#nt levels. We here discuss each characteriggd-a
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 (mfs) 1.03 £0.04 0.69+£0.03 -33%**
Capillary mean velocity (mm/s) 1.11+0.17 1.34%0.28 +21%*

Capillary velocity heterogeneity (mm/g).44 +0.07  0.52 + 0.08 +19%*°

Table 2. Characteristic age-associated changese¥ahown are mean * std. (standard deviatioreafigan in each animal
among the same group). The asterisk symbols amttéxt denote statistically significant differermetween the 2 groups (*
p<0.05, **p<0.01 from two-tailed t test).

3Values are averaged from the measurements in A@AVECA territories® 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 agtgion in the cellular structure of the blood \ess
wall, subsequently modifying its biomechanical s and rendering morphological changes within
the vessel architecture (Diaz-Otero et al., 2008)e of the most noticeable changes, the developaient
arteriole tortuosity, has been observed in ceratmdéx and white matters of animal and human briin
both normal aging and age-related pathological itiond (Brown and Thore, 2011). The majority stisdie
on vessel tortuosity were carried out in humanrbmist-mortem and were focused on the penetrating
arterioles of in white matter diseases (Spanglealgt1994; Thore et al., 2007), with few studies
evaluating tortuosity changes during normal vascalingin vivo. Recently, Fabeet al reported an
increased tortuosity in rodents from measuring péakbral arterioles at the bridge of the MCA ari@PA
branches, known as AAA, in mouse S1 cortex duriagmal aging. They demonstrated that the average
VTI was much higher (1.43) for the aged group (l@th-old) compared to that of the young group
(1.22) (3-month-old), leading to a 6-fold highenvil resistance in cerebral collateral vessel inaped
brain (Faber et al., 2011). Our tortuosity measemnof AAA by OCT produced similar VTI values of
1.36+0.09 and 1.19+0.07 for healthy aged (16-matdh-and young mice (2-month-old), respectively
(Fig. 3(f)). Previous studies used fixed brainuessvith dilated and filled pial cortical vesselthait an
elegant technique used to evaluate post mortem begiculature, is prone to potential changes iseales
morphology during tissue processing. In contrds, label-freejn vivo nature of OCTA used in this
study preserved the native architectures of thel@ssels and increases the fidelity of the VHIysis.



Apart from methodological differences, the slightiations in VTI values between our results andé¢ho
previously reported may be attributed to the ranfjeollateral segments selected for measurements.
There is currently no accepted definition of thege of collateral segment, as its definition istedl to

the functional role during an occlusive event. ffar consistency within measurements in our stuay, w
followed the branching orders arterioles (e.g.gtat point of measuring on the MCA side is at ltst
bifurcation of M1 segment with equal or similaresdztrunks, and that one or both trunks are condeote
ACA as collateral).

The mechanisms underlying age-related increasetémyatortuosity in aging remains unclear, butsit i
well hypothesized that structural alteration in tlessel wall plays a role in the early stage dfutusity
development (Han, 2012). As aging begins, smoothciauwcells (SMCs) progressively migrate from the
tunica media to accumulate into the intima, andsegbently impair the integrity of the elastic meants

in the intima (Yildiz, 2007). Fracturing of the st fibers would lead to a reduction in elasticity
resulting in stiffening of the vessel wall. As auk of the arterial stiffening, pulsatile bloodepsure in
the vessel lumen would become elevated, givingtasessel buckling to initiate tortuosity develogmh
(Kohn et al., 2015).

The fragmentation of elastin, which has been repoih the artery wall of aged subjects, has been
considered a cause of the vessel lengthening atubsity progression (Sugawara et al., 2008). As a
result, tortuosity increases the vessel length,veitid each turn and loop there is a loss of kinetiergy
that potentially reduces the flow speed in thessseis (Moody et al.,, 1991). While mild increase of
vessel tortuosity may be asymptomatic, severe dsity developed with aging can significantly reduce
conductance ability of the blood vessels and dishirmierebral perfusion; hence, producing focal istbe
lesion and cellular damage in the downstream tiflslomdy et al., 1991; Spangler et al., 1994). Tous
penetrating arterioles in the white matter, fotanse, are found to be a critical contributing dadb
neurodegeneration in a subset of leukoaraiosis (Apre et al., 2007). In another case, augmented
tortuosity in the cerebral pial arterioles can eacallateral rarefaction, which could increase tiflow
resistance during arteriogenesis and contributa tmore severe ischemic stroke phenotype in older
subjects (Faber et al., 2011). In addition to thiéirgy, looping, and spiraling profiles of bloodssels, the
increased tortuosity is also associated with atlyreapanded Virchow-Robin perivascular space where
amyloid movement occurs (Nicoll et al., 2004). Téwelarged perivascular space could disrupt the
drainage of amyloid deposits, contributing to the-associated AD pathology (Brown et al., 2000).

Though tortuosity is found to be an important véecuactor contributing to various age-related
pathological conditions, however, it is neither essary nor sufficient to produce an LA or AD (Thete
al., 2007). A number of other vascular factors arcally involved in aging and the potential dise
pathogenesis, which were also revealed in thisydiydDCTA as discussed in the following sections.

4.1.2 Aging-related capillary loss

The distance that oxygen can diffuse from blood mtygen-consuming tissue is limited (Gagnon et al.
2016). The metabolically demanding nature of treirbmeans, therefore, that it must be supplied by a
dense network of microvessels, so that each poitité tissue is within a distance of oxygen difbusi
from the nearest blood vessel. A decrease in mi@ylar density may increase the risk of tissu@kigp
and may reduce the oxygen extraction efficiencyirdufunctional activity (Hirsch et al., 2012). In
comparison with the scarcity of systemic studiesdcmted for the investigation of arterial tortugsit
during normal aging, the microvascular density ¢esnthrough aging has attracted sizable interest.
Collective evidence from 37 earlier studies haweaéed an age-related vascular density decredsattin
aging animals and human post-mortem (Brown and &h2011). More specifically, an 8% to 43%
reduction in capillary numbers (Amenta et al., Z9Bker et al., 1990; Knox and Oliveira, 1980]&fia

et al., 2003; Wilkinson et al., 1981) and a 1293%0 reduction in capillary density (Burns et 4P81;
Casey and Feldman, 1985; Hinds and McNelly, 19&2ingag et al., 1997) were observed in brain of
aged rats (22 to 31-month-old), and a decreasepillary density of 16% to 50 % was measured from



healthy aged human subjects (age 79 to 90) compdtied/ounger subjects (age 49 to 57) (Abernethy et
al., 1993; Bell and Ball, 1981; Brown et al., 208Q:¢e et al., 1994; Mann et al., 1986). Recentlgugh

the imaging of fluorescein isothiocyanate-dextr&hilrC) dye-labeled cerebral capillary vessels using
TPM in anesthetized rats, Desjardihal (2014) observed 20% decrease in capillary densittder rats.

In the current study, capillary density was meagurevivoin the brains of anesthetized mice with OCTA
without the need for exogenous contrast agents.VKI2 of young and aged animals were measured as
0.40+£0.05 and 0.34+0.08, respectively, which res@@n age-associated reduction in capillary debsity
15%. Although the values from two groups were cldlse difference is statistically significani<.01)
and has important implication on capillary flow dynics and potentially brain oxygen extraction
efficiency. In our penetrating vessel measuremgm@®MAG, we surprisingly found little differences i
arterial velocity between young and old groups,levieapillary velocity was measured 21% in the old
animals from capillary velocimetry measurement. Werefore speculate such dramatic increase in
downstream flow velocity may be attributed, at téagart, to capillary density reduction.

Despite a lack of clear consensus concerning thsesaof capillary loss, previous studies have stgde
that age-dependent microvascular dropout may beciassd with a decline in amplitude of pulsatile
secretion of growth hormone (GH) and the resultilegrease in plasma levels of insulin-like growth
factor 1 (IGF-1) with aging (Sonntag et al., 198%th GH and IGF-1 are responsible for the regoiati
of vascular growth, maintenance, and remodelinga(Klet al., 2002), and with advancing age, the
secretion of these hormones is reduced, deprefsingascular regulation necessary for maintenahce o
downstream microvasculature, resulting in a praivesloss of microvessels. Furthermore, aging is
associated with increasing blood pressure, and rigms@on is known to cause vessel rarefaction
(Sokolova et al., 1985; Gligorsky, 2010).

Although the causal relationship between capillerss and neurodegeneration is still debatable, the
possible contribution of microvascular deficienciesaged brain as well as aged-related patholdgies
cerebral vasculature and function (Farkas and bu2@01; Fischer et al., 1990), could be studiedieun
OCTA to enhance a comprehensive understanding &fi€Buction in these conditions.

4.1.3 CBF modification in the aging brain

The energy requirement of the brain is met almastusively by the oxidative metabolism of glucose,
which is delivered to local neuron cells througbda vessels by continuous and sufficient CBF (Gagno
et al., 2016). Given that CBF is maintained andil@gd by the coordinated efforts of interconnected
blood vessels, including cerebral arteries, adesiand capillaries (Kisler et al., 2017), agetszla
modifications in the arterial morphology and capil density undoubtedly impact both resting st C
and the ability to adjust blood flow during neurbmativities. The latter hemodynamic feature, also
referred to as regional CBF (rCBF) change duringcfional activation, is coupled with the cerebral
metabolic rate of oxygen (CMRDIn a disproportionate manner (Paulson et al.0p0d/hich creates a
contrast signal that can be detected by fMRI (Aretes., 2009) or PET (Aanerud et al., 2012).

Numerous studies have utilized flow-metabolism algiio investigate rCBF change with aging in human
brains. Among those investigations, an age-rele@&F reduction was reported with both young and old
comparison studies (Ances et al., 2009; Bertscil.e2009) and correlative studies between rCBF and
life time (Aanerud et al., 2012; Chen et al., 208¢&hultz et al., 1999). Although useful for theemssnent

of CBF involvement in brain function and performarduring aging, these measurements only revealed
relative changes in rCBF with respect to local beakmetabolic rates. An absolute CBF from single
arterioles was unobtainable by these imaging mteliwhich fails to establish an association betwe
the magnitudes of vascular structure modificatiathwn vivo blood flow changes in the resting brain
during vascular aging. On the other hand, studsisgutranscranial Doppler sonography (Demirkaya et
al., 2008; Krejza et al., 1999) has successfulpmared the blood flow velocity in basal cerebraéaes

in the resting human brain, and observed decrebkemtl flow velocity with increasing age. In our
current study, we applied the Doppler principle @CTA technology to measure the velocity in



penetrating vessels in mouse brain. The high-résalwessel velocity maps produced by DOMAG also
provided an ability of PA/RV flow area quantificai, from which arteriole and venule CBF (i) of a
cortical region can be obtained by velocity (mm{sarea (mrf). In general, venules flow slower than
arterioles (Fig. 5(d)), but with great number doditches and larger surface areas (Fig. 5(e)) thari@des.
The total flow volume of PA and RV almost equalsetch other within each group (Fig. 5(f)) as an
implication of flow conservation, which validateettaccuracy of DOMAG measurements on CBF. We
compared the velocity, flow area, and CBF betweeunnyg and old groups (N=8). Interestingly, mean
velocities of both arterioles and venules are mptiicantly different between two age groups. Ty
area (cross section size), though, is significadégreased in older animals, by 3586@.05) in PA and
32% (<0.05) in RV, which indicates reductions in vesgiimeter and vessel population in the older
animals. Such change has significant effect orfCfBE. As a result, there is a 33% statistically gigant
reduction p<0.01) in PA total flow, and 31% statistically sifizant reduction §(<0.01) in RV total flow.

Owing to the joint application of Doppler velocitmeasurements and OCTA, resting CBF can be
evaluated concurrently with quantitative vessetumsity and density assessmémtvivo through one-
platform imaging. The CBF profile obtained here ni@yused as an important parameter to assess the
wellness of neurovascular system. Together witbraprehensive evaluation on structural parameters, i
may facilitate a discovery of critical thresholds vascular modifications during aging, of which the
magnitude of change is not secondary to normalgdgin may instead indicate impending pathologies.

4.1.4 Capillary velocity heterogeneity development duriging

The capillary flow pattern, a hemodynamic paramsegarated from CBF, plays an equally critical role
in the dynamics of tissue oxygenation and neuramctfans (Gagnon et al., 2016; Jespersen and
@stergaard, 2012). An essential imaging featurereff by our OCTA, aside from its ability to measure
CBF in arterioles, is the capability of quantitaliy analyzing the RBC speed and distribution from a
large array of capillary vessels that no otherentrimaging techniques can achieve.

The significance of the spatiotemporal distributiohRBC speed within the capillary bed for normal
brain function and pathology development has bégoareusly reported in recent years. According to a
model established by Jespersen & @stergaard (20igher capillary transit time heterogneity (CTH),
especially at shorter transit times (higher speedsults in lower oxygen delivery to tissue relatio
homogenous transit times across capillary ves$éls.progressive development of CTH suspected with
aging, therefore, is thought to have a casusatdle in cognitive impairment with advancing age
(Dstergaard et al., 2013, 2015). Comparativelyldpgahowever, little information can be cited nmefieg

to the relevance of capillary heterogeneity to ggloe to the inherent challenges associated iwitlivo
imaging of single-file, rapidly moving RBCs in cHary vessels. To our knowledge, only one study,
using high-speed TMP, has reported capillary vejoend heterogeneity differences between young and
old rats from scanning an average number of 3893peapillaries in the S1 cortex of each brain,clhi
revealed a 48% and 43% increase in RBC mean vgland spatial heterogeneity (standard deviation),
respectively, within the aged group (Desjardinalgt2014). From their study, however, if excludihg
animals with less than 20 measured capillarieswhich the samples are too few for adequate
heterogeneity evaluation, age-related differencédterogeneity would not be statistically signifita
Applying the OCTA velocimetry in this aging studye targeted at the dynamic signal generated from
RBC movements within the capillary bed and analyz4@,000 frequency-derived RBC velocities within
each 3-D tissue volume obtained from the restingc@1ex of young and old mice. We showed, with
statistical confidence, a 21% increase in the npillary velocity p<0.05) (Fig. 6(g)) and a 19%
increase in heterogeneitp<(0.05) (Fig. 6(h)) in the old mice, which revealéa, the first time, an age-
related significant difference in cerebral capillarelocity heterogeneityn vivo. Moreover, the 3-D
imaging of such large quantities of capillaries vaabieved within minutes, which makes it feasilde t
investigate the on-site hemodynamic response, krasacapillary flow homogenization (Li et al., 20,18)
during stimulus-evoked neuronal activity. How agiingpacts functional hyperemia or neurovascular
coupling warrants further investigation.



4.2 Study limitations

Several limitations from the technical perspectiféOCT imaging will be addressed. First, the ranfie
imaging depth for capillary density and velocityasarements was limited to 300 um from the cortical
surface (corresponding to layers |, Il, and lllitké cortex). Such choice was made to eliminateas ipi
measuring at deeper cortical layers due to mulpbdtering that might cause signal attenuation and
resolution degradation. Furthermore, due to suahitdtion, only pial arterioles were taken as a
representative vessel group for tortuosity evatumatiTo further investigate vessel tortuosity in phye
brain layers and its causative role in white mattiseases, histological analyses are required.
Additionally, in capillary velocimetry method, anéar relationship between ED-based frequency and
mean capillary transit velocity was used basedadidation on simple network phantom experiments. An
improved correlation between frequency and RBCaigiaonsidering the interwoven capillary network
and the size and shape of RBC remains to be fufyoeed. However, neither imaging limitations here
are thought to be significant enough to invalidatie comparisons between young and old groups in the
current study.

The use of inhalational isoflurane has been shanfluence animal physiology parameters. Ovethé,
anesthetized animals tend to have increased faartHiR), reduced blood pressure (BP), and could
potentially develop hypercapnia over time (Jangtex., 2004; Schliinzen et al., 2006; Vutskits Aie]
2016). In this study, the level of isoflurane wastrolled at 1.5% v/v throughout, which is at thed|
proven in a previous study to yield stable bloogspure and heart rate values comparable to those
observed in the animal’s conscious state (Constides et al., 2011), and we monitored animal
physiology parameters during the experiment as showable 1. The HR and BP in the old group were
on the lower side. One explanation for this cowddhmat age reduces the amount of isoflurane needed
(Matsuura et al., 2009), and as we kept the savet ¢ isoflurane in both groups, the old mice ntigh
possibly be in a deeper anesthetic state compdie tpoung. The effect of isoflurane on heart and
vascular function also depends on the level of ery@onstantinides et al., 2011). In our study,Sh&
was monitored, and maintained at ~96% with theafigér/oxygen gas mixture (0.8 L/min air and 0.2
L/min O,), and there were no differences in $fi@tween young and old groups, which rule out this
variable from affecting physiology differences. Tdteserved differences in physiology parameters (HR,
BP) may have influences on the measured blood ¥lwes (e.g. CBF and capillary velocity), which
remains to be explored in the future study usinglkeamouse. Nonetheless, the differences in thé déve
anesthesia does not invalidate our main obsenstbage-associated differences in this study,cslbe

in vascular structure, tortuosity, and capillarpsity. Further investigation may be warranted in
comparing the OCTA measured parameters in youngged mice under awake conditions to exclude
the effect of isoflurane anesthesia on microcittuiadynamicsn vivo (Moeini et al., 2015).

5. CONCLUSION

In this study, we have systematically investigaege-associated changes in vascular features ineanous
brainsin vivo using a collection of OCTA based algorithms. Fritn@ micrometer resolution angiogram,
an increased cerebral arterial tortuosity with arelased capillary density in old mice was revealed
simultaneously, which was consistent with previgysliblished results. Alongside with vessel struetur
modification, changes in hemodynamic parametersiudting decreased arterial CBF and increased
capillary velocity and heterogeneity were uncovevdgthin the older age group. OCTA presented a
superior advantage for multi-feature evaluatiomggust one imaging platform. Such information wbul
facilitate a comprehensive understanding of vascalging and its involvement in the age-related
neurovascular diseases.

Acknowledgement



The authors would like to thank Dr. Anthony J. Daedor the critical proof reading during the
preparation of the manuscript. This work was sufgabin part by research grants from National Heart,
Lung and Blood Institute (RO1HL093140), NationakBwstitute (RO1EY024158), Washington Research
Foundation and an unrestricted fund from ReseardArévent Blindness, National Institutes of Health
grant RO1INS102886, and Veterans Affairs merit aw@idX002690. The funding organizations had no
role in the design or conduct of this research.

Conflicts of Interest

Dr. Wang discloses intellectual property ownedhmsy ®regon Health and Science University and the
University of Washington related to OCT angiograpdnyd licensed to commercial entities, relatedhéo t
technology and analysis methods described in pattdis manuscript. The other authors have no
conflicts of interest to declare.



References

Aanerud, J., Borghammer, P., Chakravarty, M.M.,§/dft, Rodell, A.B., Jénsdottir, K.Y., Mgller, A.,
Ashkanian, M., Vafaee, M.S., Iversen, P., JohanrmBerGjedde, A., 2012. Brain energy
metabolism and blood flow differences in healthinggJd. Cereb. Blood Flow Metab. Off. J. Int.
Soc. Cereb. Blood Flow Metab. 32, 1177-1187.

Abernethy, W.B., Bell, M.A., Morris, M., Moody, D.M1993. Microvascular density of the human
paraventricular nucleus decreases with aging butypertension. Exp. Neurol. 121, 270-274.

Amenta, F., Cavallotti, D., Del Valle, M., Mancim., Naves, F.J., Vega, J.A., Zeng, Y.C., 1995.-Age
related changes in brain microanatomy: sensitbaitiyeatment with the dihydropyridine calcium
channel blocker darodipine (PY 108-068). Brain HBasl. 36, 453-460.

Ances, B.M., Liang, C.L., Leontiev, O., Perthelk,.,JFleisher, A.S., Lansing, A.E., Buxton, R.B.020
Effects of aging on cerebral blood flow, oxygen abetlism, and blood oxygenation level
dependent responses to visual stimulation. HumnBviapp. 30, 1120-1132.

Attems, J., Jellinger, K.A., 2014. The overlap bestw vascular disease and Alzheimer’s diseaseotrigss
from pathology. BMC Med. 12, 206.

Baran, U., Li, Y., Wang, R.K., 2015. Vasodynamiépial and penetrating arterioles in relation to
arteriolo-arteriolar anastomosis after focal stro%europhotonics 2, 025006.

Bell, M.A., Ball, M.J., 1981. Morphometric compasisof hippocampal microvasculature in ageing and
demented people: diameters and densities. Actaddatirol. (Berl.) 53, 299-318.

Berman, R.F., Goldman, H., Altman, H.J., 1988. Agieted changes in regional cerebral blood flow and
behavior in Sprague-Dawley rats. Neurobiol. Agin@91—696.

Bertsch, K., Hagemann, D., Hermes, M., WalterKban, R., Naumann, E., 2009. Resting cerebral
blood flow, attention, and aging. Brain Res. 1Z6/-88.

Breteler, M.M., 2000. Vascular involvement in cdgy@ decline and dementia. Epidemiologic evidence
from the Rotterdam Study and the Rotterdam ScadySfinn. N. Y. Acad. Sci. 903, 457-465.

Brown, W.R., Moody, D.M., Thore, C.R., Challa, V.R000. Cerebrovascular pathology in Alzheimer’'s
disease and leukoaraiosis. Ann. N. Y. Acad. S@&, 39-45.

Brown, W.R., Moody, D.M., Thore, C.R., Challa, V,Rnstrom, J.A., 2007. Vascular dementia in
leukoaraiosis may be a consequence of capillag/os only in the lesions, but in normal-
appearing white matter and cortex as well. J. Ne@a. 257, 62—-66.

Brown, W.R., Thore, C.R., 2011. Review: Cerebratnmwascular pathology in aging and
neurodegeneration. Neuropathol. Appl. Neurobio).56/74.

Buée, L., Hof, P.R., Bouras, C., Delacourte, Arl,H2.P., Morrison, J.H., Fillit, H.M., 1994.
Pathological alterations of the cerebral microvéstcuwe in Alzheimer’s disease and related
dementing disorders. Acta Neuropathol. (Berl.)859—-480.

Bullitt, E., Zeng, D., Mortamet, B., Ghosh, A., Awdrd, S.R., Lin, W., Marks, B.L., Smith, K., 20Ihe
effects of healthy aging on intracerebral bloodse¢svisualized by magnetic resonance
angiography. Neurobiol. Aging 31, 290-300.

Burns, E.M., Kruckeberg, T.W., Gaetano, P.K., 198ianges with age in cerebral capillary morphology.
Neurobiol. Aging 2, 283-291.

Casey, M.A., Feldman, M.L., 1985. Aging in thematdial nucleus of the trapezoid body. IIl. Alteosis
in capillaries. Neurobiol. Aging 6, 39-46.

Chen, J.J., Rosas, H.D., Salat, D.H., 2011. Ageesa®d reductions in cerebral blood flow are
independent from regional atrophy. Neurolmage 58:-478.

Choi, W.J., Li, Y., Qin, W., Wang, R.K., 2016. Chbral capillary velocimetry based on temporal OCT
speckle contrast. Biomed. Opt. Express 7, 4859-4873

Chu, Z., Lin, J., Gao, C., Xin, C., Zhang, Q., ChénL., Roisman, L., Gregori, G., Rosenfeld, P.J.,
Wang, R.K., 2016. Quantitative assessment of ttieatemicrovasculature using optical
coherence tomography angiography. J. Biomed. Qpt6@008.



Constantinides, C., Mean, R., Janssen, B.J., Zfidcts of isoflurane anesthesia on the cardiovascu
function of the C57BL/6 mouse. ILAR J. 52, e21-31.

de la Torre, J.C., 1999. Critical threshold cerebypoperfusion causes Alzheimer’s disease? Acta
Neuropathol. (Berl.) 98, 1-8.

Demirkaya, S., Uluc, K., Bek, S., Vural, O., 200&rmal blood flow velocities of basal cerebral &de
decrease with advancing age: a transcranial Dopplesgraphy study. Tohoku J. Exp. Med. 214,
145-149.

Desjardins, M., Berti, R., Lefebvre, J., Dubeay8sage, F., 2014. Aging-related differences ieloal
capillary blood flow in anesthetized rats. Neurbbimging 35, 1947-1955.

Diaz-Otero, J.M., Garver, H., Fink, G.D., JackséhF., Dorrance, A.M., 2016. Aging is associatechwit
changes to the biomechanical properties of theepostcerebral artery and parenchymal
arterioles. Am. J. Physiol. Heart Circ. Physiol03H365-375.

Efford, N., 2000. Digital Image Processing: A PieadtIintroduction Using Java (with CD-ROM), 1st ed.
Addison-Wesley Longman Publishing Co., Inc., BostdA, USA.

Faber, J.E., Zhang, H., Lassance-Soares, R.M.hBkab, P., Najafi, A.H., Burnett, M.S., EpsteirES.
2011. Aging causes collateral rarefaction and exed severity of ischemic injury in multiple
tissues. Arterioscler. Thromb. Vasc. Biol. 31, 174856.

Farkas, E., De Vos, R.A., Jansen Steur, E.N., huieG., 2000. Are Alzheimer’s disease, hypertensio
and cerebrocapillary damage related? Neurobiolng@il, 235-243.

Farkas, E., Luiten, P.G., 2001. Cerebral microviasqathology in aging and Alzheimer’s diseasegPro
Neurobiol. 64, 575-611.

Fischer, V.W., Siddiqi, A., Yusufaly, Y., 1990. Aled angioarchitecture in selected areas of bvailhs
Alzheimer's disease. Acta Neuropathol. (Berl.) §82—679.

Gagnon, L., Smith, A.F., Boas, D.A., Devor, A., 8ab, T.W., SakadZj S., 2016. Modeling of Cerebral
Oxygen Transport Based on In vivo Microscopic Inmggof Microvascular Network Structure,
Blood Flow, and Oxygenation. Front. Comput. Neuradk@.

Goligorsky, M.S., 2010. Microvascular rarefacti@rganogenesis 6, 1-10.

Han, H.-C., 2012. Twisted blood vessels: symptatislogy and biomechanical mechanisms. J. Vasc.

Helmchen, F., Denk, W., 2005. Deep tissue two-photacroscopy. Nat. Methods 2, 932-940.

Heo, S., Prakash, R.S., Voss, M.W., Erickson, KRuyang, C., Sutton, B.P., Kramer, A.F., 2010.
Resting hippocampal blood flow, spatial memory agihg. Brain Res. 1315, 119-127.

Hinds, J.W., McNelly, N.A., 1982. Capillaries iniag rat olfactory bulb: a quantitative light aneéetiron
microscopic analysis. Neurobiol. Aging 3, 197-207.

Hirsch, S., Reichold, J., Schneider, M., Székely Weber, B., 2012. Topology and hemodynamics ©f th
cortical cerebrovascular system. J. Cereb. Bloow/RMletab. Off. J. Int. Soc. Cereb. Blood Flow
Metab. 32, 952—-967.

Hofman, A., Ott, A., Breteler, M.M., Bots, M.L., &iter, A.J., van Harskamp, F., van Duijn, C.N., Van
Broeckhoven, C., Grobbee, D.E., 1997. Atherosclsrapolipoprotein E, and prevalence of
dementia and Alzheimer’s disease in the RotterdardySLancet Lond. Engl. 349, 151-154.

Hutchins, G.M., Miner, M.M., Bulkley, B.H., 19780oftuosity as an index of the age and diameter
increase of coronary collateral vessels in patiaftes acute myocardial infarction. Am. J.
Cardiol. 41, 210-215.

Janssen, B.J.A., De Celle, T., Debets, J.J.M., BpA.E., Callahan, M.F., Smith, T.L., 2004. Effeof
anesthetics on systemic hemodynamics in mice. ARhysiol. Heart Circ. Physiol. 287, H1618-
1624.

Jespersen, S.N., @stergaard, L., 2012. The rolesrebral blood flow, capillary transit time
heterogeneity, and oxygen tension in brain oxygenand metabolism. J. Cereb. Blood Flow
Metab. Off. J. Int. Soc. Cereb. Blood Flow MetaB, 364—-277.

Jucker, M., Battig, K., Meier-Ruge, W., 1990. Effeof aging and vincamine derivatives on pericapjl
microenvironment: stereological characterizatiothef cerebral capillary network. Neurobiol.
Aging 11, 39-46.



Kang, H.-M., Sohn, 1., Jung, J., Jeong, J.-W., P@rk2016. Age-related changes in pial arteriaicstire
and blood flow in mice. Neurobiol. Aging 37, 161017

Khan, A.S., Sane, D.C., Wannenburg, T., Sonntag,. V2002. Growth hormone, insulin-like growth
factor-1 and the aging cardiovascular system. @sedic. Res. 54, 25-35.

Kim, A.Y., Chu, Z., Shahidzadeh, A., Wang, R.K.]i&iito, C.A., Kashani, A.H., 2016. Quantifying
Microvascular Density and Morphology in DiabetictiRepathy Using Spectral-Domain Optical
Coherence Tomography Angiography. Invest. Ophthklkfis. Sci. 57, OCT362-370.

Kisler, K., Nelson, A.R., Montagne, A., Zlokovic,\R, 2017. Cerebral blood flow regulation and
neurovascular dysfunction in Alzheimer disease. Rav. Neurosci. 18, 419-434.

Knox, C.A., Oliveira, A., 1980. Brain aging in nootensive and hypertensive strains of rats. Ill. A
quantitative study of cerebrovasculature. Acta Mpathol. (Berl.) 52, 17-25.

Kohn, J.C., Lampi, M.C., Reinhart-King, C.A., 20¥ge-related vascular stiffening: causes and
consequences. Front. Genet. 6.

Krejza, J., Mariak, Z., Walecki, J., Szydlik, Peviko, J., Ustymowicz, A., 1999. Transcranial color
Doppler sonography of basal cerebral arteries thHehlthy subjects: age and sex variability and
normal reference values for blood flow paramet&dk Am. J. Roentgenol. 172, 213-218.

Li, Y., Baran, U., Wang, R.K., 2014. Application thinned-skull cranial window to mouse cerebral
blood flow imaging using optical microangiograpf.oS ONE 9, 1-13.

Li, Y., Wei, W., Wang, R.K., 2018. Capillary flonomogenization during functional activation revealed
by optical coherence tomography angiography baspillary velocimetry. Sci. Rep. 8, 4107.

Liang, C.-P., Wu, Y., Schmitt, J., Bigeleisen, P&avin, J., Jafri, M.S., Tang, C.-M., Chen, Y013.
Coherence-gated Doppler: a fiber sensor for préogsadization of blood flow. Biomed. Opt.
Express 4, 760-771.

Lynch, C.D., Cooney, P.T., Bennett, S.A., Thornten,., Khan, A.S., Ingram, R.L., Sonntag, W.E., 999
Effects of moderate caloric restriction on corticatrovascular density and local cerebral blood
flow in aged rats. Neurobiol. Aging 20, 191-200.

Mann, D.M., Eaves, N.R., Marcyniuk, B., Yates, PA®86. Quantitative changes in cerebral cortical
microvasculature in ageing and dementia. NeuroBiging 7, 321-330.

Matsuura, T., Oda, Y., Tanaka, K., Mori, T., Nishila, K., Asada, A., 2009. Advance of age decreases
the minimum alveolar concentrations of isoflurand aevoflurane for maintaining bispectral
index below 50. British Journal of Anaesthesia 1381-335.

Moeini, M., Tabatabaei, M.S., Bélanger, S., Avti, Bastonguay, A., Pouliot, P., Lesage, F., 2015.
Effects of anesthesia on the cerebral capillarpdlibiow in young and old mice. Presented at the
Multiphoton Microscopy in the Biomedical Science¥,Anternational Society for Optics and
Photonics, p. 932929.

Moody, D.M., Santamore, W.P., Bell, M.A., 1991. Bdertuosity in cerebral arterioles impair down-
autoregulation in hypertensives and elderly normsitees? A hypothesis and computer model.
Clin. Neurosurg. 37, 372-387.

Nicoll, J.A.R., Yamada, M., Frackowiak, J., Mazuol&cka, B., Weller, R.O., 2004. Cerebral amyloid
angiopathy plays a direct role in the pathogenafsfdzheimer’s disease. Pro-CAA position
statement. Neurobiol. Aging 25, 589-597; discus&08-604.

Nishimura, N., Schaffer, C.B., Friedman, B., LydBrD)., Kleinfeld, D., 2007. Penetrating arteriches a
bottleneck in the perfusion of neocortex. ProclINstad. Sci. U. S. A. 104, 365-370.

@stergaard, L., Aamand, R., Gutiérrez-Jiménez&.,,Y.-C.L., Blicher, J.U., Madsen, S.M.,
Nagenthiraja, K., Dalby, R.B., Drasbek, K.R., MgllA., Breendgaard, H., Mouridsen, K.,
Jespersen, S.N., Jensen, M.S., West, M.J., 20Ecaillary dysfunction hypothesis of
Alzheimer’s disease. Neurobiol. Aging 34, 1018-1031

@stergaard, L., Jespersen, S.N., Engedahl, T.éfeeti Jiménez, E., Ashkanian, M., Hansen, M.B.,
Eskildsen, S., Mouridsen, K., 2015. Capillary dysfiion: its detection and causative role in
dementias and stroke. Curr. Neurol. Neurosci. RBp37.



Paulson, O.B., Hasselbalch, S.G., Rostrup, E., EandG.M., Pelligrino, D., 2010. Cerebral bloodmlo
response to functional activation. J. Cereb. BlBlmv Metab. Off. J. Int. Soc. Cereb. Blood
Flow Metab. 30, 2-14.

Schlinzen, L., Cold, G.E., Rasmussen, M., Vafae&, N2006. Effects of dose-dependent levels of
isoflurane on cerebral blood flow in healthy sulgestudied using positron emission tomography.
Acta Anaesthesiol. Scand. 50, 306—-312.

Schultz, S.K., O’Leary, D.S., Boles Ponto, L.L., s, G.L., Hichwa, R.D., Andreasen, N.C., 1999.
Age-related changes in regional cerebral blood #iowong young to mid-life adults. Neuroreport
10, 2493-2496.

Shi, L., Qin, J., Reif, R., Wang, R.K., 2013. Widdocity range Doppler optical microangiographyngsi
optimized step-scanning protocol with phase vaganask. J. Biomed. Opt. 18, 106015.

Sokolova, I.A., Manukhina, E.B., Blinkov, S.M., Kadev, V.B., Pinelis, V.G., Rodionov, I.M., 1985.
Rarefiction of the arterioles and capillary networkhe brain of rats with different forms of
hypertension. Microvasc. Res. 30, 1-9

Sonntag, W.E., Lynch, C.D., Cooney, P.T., Hutching/., 1997. Decreases in cerebral microvasculature
with age are associated with the decline in grdvatmone and insulin-like growth factor 1.
Endocrinology 138, 3515—-3520.

Spangler, K.M., Challa, V.R., Moody, D.M., Bell, M, 1994. Arteriolar tortuosity of the white matiar
aging and hypertension. A microradiographic stud\europathol. Exp. Neurol. 53, 22-26.

Srinivasan, V.J., Sakad?iS., Gorczynska, ., Ruvinskaya, S., Wu, W., Fojiop J.G., Boas, D.A., 2010.
Quantitative cerebral blood flow with optical cobee tomography. Opt. Express 18, 2477-2479.

Sugawara, J., Hayashi, K., Yokoi, T., Tanaka, BQ& Age-associated elongation of the ascending aor
in adults. JACC Cardiovasc. Imaging 1, 739-748.

Thore, C.R., Anstrom, J.A., Moody, D.M., ChallaRv,. Marion, M.C., Brown, W.R., 2007.
Morphometric Analysis of Arteriolar Tortuosity inushan Cerebral White Matter of Preterm ,
Young , and Aged Subjects 66, 337-345.

Thore, C.R., Anstrom, J.A., Moody, D.M., ChallaRV, Marion, M.C., Brown, W.R., 2007.
Morphometric analysis of arteriolar tortuosity inrhan cerebral white matter of preterm, young,
and aged subjects. J. Neuropathol. Exp. Neurol386;-345.

Villena, A., Vidal, L., Diaz, F., Pérez De Vargas2003. Stereological changes in the capillaryvoek
of the aging dorsal lateral geniculate nucleus.tARac. A. Discov. Mol. Cell. Evol. Biol. 274,
857-861.

Vutskits, L., Xie, Z., 2016. Lasting impact of gealeanaesthesia on the brain: mechanisms and releva
Nat. Rev. Neurosci. 17, 705-717.

Wang, H., Shi, L., Qin, J., Yousefi, S., Li, Y., W R.K., 2014. Multimodal optical imaging can rakve
changes in microcirculation and tissue oxygenatioring skin wound healing. Lasers Surg. Med.
46, 470-478.

Wang, R.K., An, L., 2009. Doppler optical micro-&myaphy for volumetric imaging of vascular
perfusion in vivo. Opt. Express 17, 8926—8940.

Wang, R.K., Jacques, S.L., Ma, Z., Hurst, S., HanSoR., Gruber, A., 2007. Three dimensional optica
angiography. Opt. Express 15, 4083-4097.

Wang, R.K., Zhang, Q., Li, Y., Song, S., 2017. Ogitcoherence tomography angiography-based
capillary velocimetry. J. Biomed. Opt. 22, 66008.

Wilkinson, J.H., Hopewell, J.W., Reinhold, H.S.819 A quantitative study of age-related changehkén
vascular architecture of the rat cerebral corteaundpathol. Appl. Neurobiol. 7, 451-462.

Xu, X., Wang, B., Ren, C., Hu, J., Greenberg, D&hen, T., Xie, L., Jin, K., 2017. Age-related
Impairment of Vascular Structure and Functions.ngdbis. 8, 590-610.

Yildiz, O., 2007. Vascular smooth muscle and endi@hfunctions in aging. Ann. N. Y. Acad. Sci. 1110
353-360.



Zhi, Z., Cepurna, W., Johnson, E., Shen, T., Monjs)., Wang, R.K., 2011. Volumetric and quantiti
imaging of retinal blood flow in rats with opticalicroangiography. Biomed. Opt. Express 2,
579-591.



2x2 Fiber

coupler

ﬁ a0:10

Momks o ity ()

Z

Reference

Circulator

Collimator

Grating

3-D spectral interferogram

Spectrometer

PC Lens
arm
10 (X0
o Collimator
Sample Mirrar
XY Galvo
scanner

Collimator

lens




VTI=Arc/Chord

*-.._ Chord

()

Binarized and skeletonized

vessel centerline

. (d)

4-neighborhood pixel
connectivity labeling

8-neighborhood pixel
connectivity labeling



Vessel Tortuosity Index(

147

127

Young

Old




angiogram Capillary density map
el : R =

Young

Old

o
=

o
M

o

0 02 0.4 06
Vessel Area Density(VAD) Young Old

Vessel Area Density(VAD)



[ Artericle
[ venue
Young Old
[ Asterctel

e T e
‘ 1

Young Old

i

]
—h
=
3
3
&

1.4 [ ¥ *llj.\m.-nole
i e B venule
T
1

Total flow

Young Old



Old

ACA

]
I
Young

Old

MCA
*
Old
MCA

*
2 2
— 3 — 3
> =
w 0
EN 1 «~ 1B o E®o® © < o o
E = =] E o =] == o

Ajoojea Areden Ayeuaboisyay Aloojea fue|iden




HIGHLIGHTS

» Quantitative findings of age-associated vascular changes reveaed from single-platform imaging
» Arterid tortuosity increases by 14% with older age.

» Capillary density decreases by 15% with older age.

e Cerebral blood flow reduces by 33% with older age.

e Capillary velocity increases by 21% and velocity heterogeneity increases by 19% with older age.
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