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OCT/OMAG  reveals  collateral  ves-
sel morphology  change,  blood  flow
velocity  and  directionality  change
over a longitudinal  study  in  small  ani-
mal models.
Growth  phase  of  arteriogenesis,
confirmed  by  OCT/OMAG  imaging,
occurs  between  12  and  24 h after
blood flow  obstruction.
Local  inflammation  accompanied  by
arteriogenesis  is  presented  by  tissue
thickness  change  and  lymphatic  ves-
sel  formation  in  mouse  ear.
An  activation  of  the  collateral  flow
at arteriolo-arteriolar  anastomoses
(AAA) in mouse  brain  is observed  dur-
ing  MCAO.
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Background:  Arteriogenesis  describes  the  active  growth  of the  pre-existing  collateral  arterioles,  which  is
a  crucial  tissue-saving  process  in  occlusive  vascular  diseases.
New  method:  We  propose  to  use optical  coherence  tomography  (OCT)-based  microangiography  (OMAG)
to  monitor  arteriogenesis  following  artery  transection  in  mouse  ear  and  focal  stroke  in mouse  brain.
Results:  Our  longitudinal  mouse  ear  study  shows  that  the  growth  phase  of  arteriogenesis,  indicated  by
changes  in  collateral  vessel  diameter  and  velocity,  occurs  between  12  and  24 h  after  vessel  transection.
Additionally,  the magnitude  of  local  inflammation  is  consistent  with  the  time  course  of arteriogenesis,
ptical coherence tomography
CT angiography
rteriogenesis
ollateral circulation
cclusive vascular disease

judging  by  the  tissue  thickness  measurement  and  lymphatic  vessel  signals  in OCT.  In  the mouse  brain
study,  collateral  vessel  morphology,  blood  flow  velocity  and  directionality  are  identified,  and  an  activation
of the  collateral  flow  at the arteriolo-arteriolar  anastomoses  (AAA)  is observed  during  stroke.
Comparison  with  existing  methods:  In comparison  with  histology  and  fluorescence  imaging,  OCT/OMAG  is
troke completely  non-invasive  and  capable  of  producing  consistent  results  of  longitudinal  changes  in collateral
vessel  morphology  and  vasodynamics.
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Conclusion:  OCT/OMAG  is  a promising  imaging  tool  for longitudinal  study  of  collateral  vessel  remodeling
in small  animals.  This  technique  can  be applied  in guiding  the  in  vivo experiments  of  arteriogenesis
stimulation  to  treat occlusive  vascular  diseases,  including  stroke.
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. Introduction

Collateral arterioles are interconnected with arteriolo-arteriolar
nastomoses (AAA) in highly vascularized organs, such as heart,
kin, and brain (van Royen et al., 2001; Toriumi et al., 2009). In
he case of blood flow obstruction, collateral arterioles are able to
row into larger conductive arteries by active proliferation of vas-
ular endothelial and smooth muscle cells (Heil et al., 2006; Schaper
nd Buschmann, 1999). The adaptive growth of collateral vessels,
ermed “arteriogenesis”, is crucial for maintaining regional blood
upply and offsetting the adverse effect of tissue ischemia (Liu et al.,
014). Recently, stimulation of arteriogenesis has become a popu-

ar candidate for the treatment of occlusive vascular diseases, such
s peripheral arterial disease (PAD) (van Royen et al., 2001). Hence,
n ability to monitor progressive development of collateral vessels
s essential to better understand the mechanisms of arteriogenesis
nd evaluate the effectiveness of stimulation therapies.

There are three phases in arteriogenesis: initiation, growth,
nd maturation (Meisner and Price, 2010). In each phase, the tar-
eted collateral arterioles undergo different magnitudes of vessel
emodeling, resulting in increased diameter and blood flow. The
rst phase occurs immediately after blood flow obstruction, when

 drop in perfusion pressure at one side of the collateral arteri-
le causes a shear stress change on the collateral vessel wall. It
mmediately initiates a complex cascade of molecular and cellular
vents, leading to endothelium activation (Heil et al., 2006). The
rowth phase occurs between 12 and 24 h after the initial occlu-
ion (Buschmann et al., 2003). During this period, recruitment of
onocytes further stimulates endothelial and smooth muscle cell

roliferation and facilitates extracellular matrix breakdown, which
llows the vessel to expand in size. After 24 h, proliferation wanes
nd the collateral arteriole either matures into a conductive artery
r goes through regression. An ability to reveal the detailed vascu-
ar dynamics in vivo at each phase would be critical to guide the
xperimental design of arteriogenesis stimulation.

Other arteriogenic factors, such as inflammation, plays a piv-
tal role in arteriogenesis to ensure the releasing of growth
actors, proteases for structural remodeling (Schaper and Scholz,
003). Previous studies have shown that an infusion of mono-
yte chemoattractant factor MCP-1 (CCL2) produced a 4-fold
ncrease of collateral growth after femoral artery occlusion in rab-
its (Buschmann et al., 2001). From this perspective, evaluating

ocal inflammatory response will improve our understanding of
rteriogenesis mechanism and evaluate inflammation-regulated
ollateral growth.

To investigate vessel remodeling during arteriogenesis, histo-
ogical analysis is often used to assess vessel morphology (Schaper
nd Scholz, 2003; Demicheva et al., 2008; North and Sanders, 1958).
hile promising, this approach is limited to a single time point in

ach individual, and cannot evaluate dynamic changes in collateral
rterioles over time. It is therefore desirable to use a non-invasive
n vivo imaging technology to study the process of arteriogene-
is. Laser speckle perfusion imaging (LSI) has been explored to
eveal the dynamic change in the cortical collateral circulation in

odent models during acute ischemic stroke (Wang et al., 2012).
owever, the spatial resolution of LSI is inadequate to visualize

he detailed collateral remodeling of small vessels within local-
© 2016  Elsevier  B.V. All  rights  reserved.

ized regions. Two-photon excited fluorescence microscopy (TPM)
is an alternative method that provides highly detailed microvas-
cular structure (Schaffer et al., 2006), but the small field of view
provided by TPM sometimes fails to capture a collateral vessel of
interest. Photoacoustic imaging (PA) is a newly developed tech-
nique, which has emerged in the past decade as a powerful hybrid
imaging modality for detailed vascular imaging in various tissue
types (Hu et al., 2009). Nevertheless, the requirement of contact
with tissue during measurement can confound the measurement
of blood flow (Qin et al., 2015, 2016).

In vivo imaging technology has also been used for evaluating tis-
sue inflammation. TPM has been used to observe the dynamics of
immune cells labeled with fluorescent proteins in several regions of
the mouse (Kreisel et al., 2010; Kinger et al., 2012). Bioluminescence
imaging techniques allow visualization and longitudinal assess-
ment of different white blood cell populations across both acute
and chronic inflammatory phases (Tseng and Kung, 2013). How-
ever, both of these imaging techniques require contrasting dyes
to evaluate specific molecular factors involved during inflamma-
tion. An alternative approach to assess an inflammatory response
is to observe morphological and physiological changes in the tis-
sue, including swelling and lymphatic vessel recruitment (Lachance
et al., 2013). Tissue swelling is often observed during inflamma-
tion due to increased vascular permeability and accumulation of
white blood cells. Lymphatic vessels are recruited locally to trans-
port the fluid and extravasated white blood cells to local lymphoid
organs and relieve edema (Zgraggen et al., 2013). To our knowl-
edge, no study has been conducted to assess inflammation using
these parameters during longitudinal arteriogenesis, or to link the
vascular remodeling process to changes in tissue morphology over
time.

Optical Coherence Tomography (OCT) produces large-scale
(millimeters) cross-sectional morphological views of microstruc-
ture in vivo with micron level resolution (Tomlins and Wang, 2005).
It is useful in showing progression of tissue swelling and thickness
changes over time after lipopolysaccharide-induced inflammation
in a mouse ear model (Kim et al., 2015). OCT-based microangiog-
raphy (OMAG) adds the ability to image functional blood perfusion
down to the capillary flow level (Wang et al., 2007; Wang, 2010;
Wang and Hurst, 2007; An et al., 2010; Baran and Wang, 2016).
Additionally, Doppler OMAG (DOMAG) detects a wide range of axial
blood flow velocity within vessels (Wang and An, 2009; Shi et al.,
2013), which reveals detailed vasodynamics information about
blood flow during arteriole obstruction. This technique has been
applied to the longitudinal study of microcirculation changes dur-
ing wound healing in the mouse ear pinna (Wang et al., 2014),
and to the in vivo examination of mouse cerebral vasodynamics
in response to ischemic stroke (Jia et al., 2011; Baran et al., 2015).
Moreover, the recently developed OCT-based lymphangiography
(OLAG) has successfully been applied to produce lymphangiograms
of post-depilation mouse ears (Qin et al., 2015, 2016), and within
human skin and areola (Baran et al., 2016).

In this paper, we present the ability of OCT-based techniques
to monitor arteriogenesis in mouse ear pinna and brain. Due to its

relatively simple vessel networks compared to many other tissue
beds and ease of access for optical imaging, we  first elected to use
the mouse ear as a model to investigate the capability of OCT based
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echniques to delineate vessel remodeling during arteriogenesis,
s well as the associated tissue responses due to inflammation. We
hen tested the method on the brain, which has a more complex
ascular pattern, and demonstrated the potential of OMAG/OCT to
mage arteriogenesis in mouse cerebral cortex after focal ischemic
troke.

. System and methods

.1. Animal preparation and procedure

All animal procedures performed in this study were approved
y the Institutional Animal Care and Use Committee (IACUC) of
he University of Washington. All mice were anesthetized with
.5–2.0% isoflurane (0.2 L/min O2, 0.8 L/min air) through a nose cone
nd were provided with thermal support while anesthetized.

For the mouse ear study, five hairless SKH-1E mice (21–23 g)
urchased from Charles River Laboratory were imaged under
.5%–2.0% isoflurane anesthesia, resting on a heated platform. The
ouse ear was immobilized using a piece of double-sided tape with

he dorsal side facing upwards onto a stage that minimizes motion
aused by breathing and heartbeats. A 5 × 5 mm region-of-interest
ROI) was selected that covered at least two major pinna artery
ranches with potential collateral arterioles in between. The ROI
as covered with a drop of mineral oil and a round 0.15 mm thick

overglass as a coupling medium to mitigate strong reflection from
he pinna surface. A baseline image of the ROI was  acquired using
MAG and DOMAG. To induce arterial obstruction in the ear, one of

he arteries in the ROI was selected and transected using microsur-
ical scissors just proximal to the ROI. Much care was  taken during
rtery cutting to minimize possible damage to the surrounding tis-
ue. The ROI was imaged immediately following artery transection.
o observe the chronic stages of arteriogenesis, OMAG and DOMAG
maging were performed again at day 1, 4, 7 after artery transection.

For mouse brain imaging, four C57BL/6 mouse (weighing
3–25 g) was used. Under isoflurane anesthesia, the mouse
eceived a 4 × 4 mm diameter craniotomy 1.5 mm posterior and
ateral to bregma (Li et al., 2014), and a round 5 × 5 mm diame-
er (0.15 mm in thickness) cover glass was placed over the cortex
o replace the cranium. The cranial window covers the cerebral
erritories supplied by the anterior cerebral artery (ACA), mid-
le cerebral artery (MCA), and arteriolo-arteriolar anastomoses
AAA). Baseline imaging of the cerebral vasculature through the
ranial window was taken by OMAG and DOMAG. After the base-
ine imaging, while still under anesthesia, the mouse received an
ntra-luminal filament MCA  occlusion (MCAO) surgery, where a 6-0

onofilament was slowly advanced through internal carotid artery
oward the cranial base until MCA  was occluded (Baran et al., 2015).
maging was then performed during a 60-min occlusion period. To
isualize changes in blood flow after MCA  reperfusion, the inserted
lament was removed and imaging was immediately performed.

.2. System configuration

A fiber-based spectral domain (SD-OCT) system was used for
he experiments, in which a superluminescent diode (Thorlabs Inc.,
ewton, NJ, USA) was employed as the light source, which has

he central wavelength of 1340 nm and bandwidth of 110 nm that
rovided a ∼7 �m axial resolution in the air (∼5 �m in tissue if
he refractive index of tissue is taken as 1.35). In the sample arm,
0× scan lens (Thorlabs Inc., Newton, NJ, USA) was used to achieve

10 �m lateral resolution with 0.12 mm depth of fields. The output

ight from the interferometer was routed to a home-built spectrom-
ter, which had a designed spectral resolution of ∼0.141 nm that
rovided a detectable depth range of ∼3 mm on each side of the
ethods 274 (2016) 164–171

zero delay line in air. The system had an imaging speed of 92,000
A-scans per second, and a measured dynamic range of 105 dB with
the incident light power of 3.5 mW at sample surface.

2.3. Scanning protocol

In the OMAG scanning protocol to visualize the volumetric
microvasculature (An et al., 2010), each B-frame consisted of 400
A-lines. The imaging rate was  180 fps. In the slow axis (C-scan), a
total number of 3200 B-frames with 8 repetitions in each location
were performed for mouse ear imaging, and a total number of 2000
B-frames with 5 repetitions for mouse brain imaging. The OMAG
volume dataset was collapsed into an enface maximum intensity
projection (MIP) to represent the vessel network. A mosaic of 9
MIP  images was made for each ROI.

To image the blood flow velocity of functional vessels, DOMAG
scanning protocol was  applied, and the blood flow velocity (axial
component) was  calculated from the phase difference between the
OCT inter A-lines (Shi et al., 2013). The B-scans rates were empir-
ically set to 3 and 6 frames per second (fps) for the mouse pinna
and brain measurements, respectively, depending on their differ-
ent blood flow speed. A mosaic of 9 MIP  images was used to cover
the entire 5 × 5 mm  ROI.

2.4. Tissue inflammation analysis

Tissue inflammation analysis was  performed based on lym-
phatic vessel visualization and mouse ear thickness change. We
developed an automatic segmentation algorithm for the extraction
of lymphatic vessel from the OCT microstructure image, based on
the fact that the lymph fluid is optically transparent, thus giving
optical signals near the system noise floor (Zhi et al., 2012). Prior
to the algorithm, to mitigate the shadow cast by blood vessel and
relative weak signal intensity in deeper tissue due to the light atten-
uation along depth, we  pre-processed the microstructure images
to remove the shadow cast and enhance the contrast (Qin et al.,
2015, 2016). Then, we applied the adaptive threshold segmentation
algorithm to extract lymphatic vessels. In the program, an adaptive
threshold was first calculated by the intensity of the pixels within
a local window around a target pixel to perform binarization oper-
ation. The window size was  designed to be adjustable according to
local lymphatic vessel size. If the intensity of target pixel was lower
than the adaptive threshold, then that target pixel was  judged to
belong to lymphatic vessel, and assigned to a value of 1; other-
wise it was  assigned to 0. Finally, the processing was performed
frame by frame for the whole 3D dataset to obtain a final 3D data
volume, showing the lymphatic vessels only. Additionally, tissue
swelling and thickness change induced by inflammation was eval-
uated by OCT structural imaging using the datasets acquired above.
We  applied a unique segmentation technique (Yin et al., 2014) to
OCT cross-sectional images to extract the layer between dermis
and cartilage (the layer of arteriole transection) for tissue thickness
change analysis.

3. Results

Volumetric microvasculature of entire ROI in the mouse ear
pinna is presented in Fig. 1A, covering three major artery branches
and pre-existing collateral arterioles. The site of arterial transection
is proximal to the right artery branch in the ROI, and is marked with
red asterisk. After arterial transection, collateral arterioles are acti-
vated to retain the blood flow downstream to the transection. One

collateral arterioles undergoing major remodeling is selected to
take diameter and velocity measurement. Another arteriole further
away to the transection site is measured as control. The magnitudes
of collateral arteriole wall expansion are quantitatively presented
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Fig. 1. Collateral arteriole morphology changes during longitudinal arteriogenesis in mouse ear.
(A)  En face maximum intensity projection (MIP) of OMAG of the layer between epidermis and cartilage in mouse ear pinna flap within the area of interest at baseline. The
red  asterisk marks the relative location of artery transection. The yellow square indicates the location of the arteriole that underwent arteriogenesis, and the white square
indicates the control region. (B) Vessel diameter change of the selected collateral arterioles in 7-day period. Error bars represent the standard error of the mean (SEM) of the
arteriole diameters in 5 different animals. (C)–(G) Vessel morphology change of one of the major collateral arterioles being remodeled after artery transection. Two yellow
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rrows in (G) represent the two locations for diameter measurement. The yellow sh
00  �m,  250 �m,  and 50 �m in (A), (C–G), and (H), respectively (For interpretation
f  this article.).

ith vessel diameter change among 5 animals in Fig. 1B, where the
argeted collateral arterioles have an increased diameter immedi-
tely following vessel transection, reaching peak at day 1, whereas
he arteriole at the control region showing no significant diameter
hange.

Close-up views of the vessel morphology change with arteri-
genesis are shown with Fig. 1C–G at baseline, cut (immediately
fter transection), day 1, day 4, and day 7, respectively. For diame-
er measurement, two locations on the arteriole was  measured to
ield an average diameter value for each time point (Fig. 1G). In

he measurement from OMAG images using a MATLAB graphical
ser interface, the full width at half maximum of the normal-

zed intensity profile across the collateral vessel is calculated with
e in (H) represents the diameter measurement of one location. Scale bars represent
 references to color in this figure legend, the reader is referred to the web version

∼2 �m/pixel resolution, resulting in the vessel diameter (Fig. 1H).
The arteriole at the control region are measured based on the same
method.

Blood flow velocity changes in the functional collateral arteri-
oles were measured based on red blood cell axial velocities detected
in DOMAG. Bidirectional velocity maps of a representative mouse
ear pinna are presented in Fig. 2A–E with upward direction coded
green and downward direction coded red. Few out-of-range flows
are observed as phase-wrapped signals, seen as yellow color (com-
bination of red and green). For each arteriole, two  locations of axial

velocity are measured to average. We  measured the arteriogenic
collateral vessels as well as the arterioles with no active remodel-
ing as control. At the arteriogenesis region, an enhancement of the
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Fig. 2. Collateral arteriole blood flow axial velocity change during arteriogenesis in mouse ear.
(A)–(E) En face MIP  of DOMAG of the whole depth of mouse ear pinna within the area of interest at baseline, cut, day 1, day 4, day 7, respectively. The red asterisk in (B) marks
the  location of artery transection. Vessels are color coded with green and red in regards to flow directions. Yellow is a combination of two colors. Color bar represents blood
flow  axial velocity in range of ±2.0 mm/s. Note the yellow color appearance is due to the fusion of red and green colors, caused by the 2pi ambiguity in the Doppler phase
m xial ve
c nt an
r  this a

a
s
c
b

f
l
t
v
t
fi
c
l
L
i
p
f
r
m
r
a

n
c
t
t
l
m
T
i

easurement of fast blood flows when applying Doppler principle. (F) Blood flow a
ircle  (control). Error bars represent the SEM of the mean axial velocity in 5 differe
eferences to color in this figure legend, the reader is referred to the web version of

rteriole velocity signal is observed immediately after artery tran-
ection (cut), and the velocity reached a peak on day 1, whereas the
ontrolled arteriole distal to the transection site showing reduced
lood flow velocity and poor recovery over time (Fig. 2F).

Inflammation plays an important role during arteriogenesis
or growth factor recruitment and breaking down of extracellu-
ar matrix (Schaper and Scholz, 2003). We investigated whether
he magnitude of inflammation has a similar time course as the
essel remodeling by observing lymphatic structure and tissue
hickness change. We  applied OLAG technique to extract the fluid-
lled lymphatic signal from OCT cross-sectional structures, and
reated a merged channel showing lymphatic vessel networks in
ight blue and OCT angiogram in red simultaneously (Fig. 3A–E).
ymphatic vessels provide paths for inflammatory cells to exit the
nflammatory tissue. The appearance of lymphatic vessels in close
roximity to the collateral arterioles undergoing arteriogenesis
urther proved the active inflammatory cell trafficking during arte-
iogenesis. As lymphatic vessels take up more fluid they become
ore apparent to OCT, creating a more continuous network. As a

esult, the most continuous lymphatic vessel network is observed
t day 1 (Fig. 3C).

After artery transection, the ear pinna swells due to a
eutrophil-dominant infiltration and edema from increased vas-
ular permeability (Wright et al., 2010), and the resulting tissue
hickness change is another parameter to assess inflamma-
ion progression. Tissue thickness change measurements at both

ymphatic-dense area and control area were performed among 5

ice using a structural segmentation technique (Yin et al., 2014).
he most severe tissue deformation was observed locally to the
nflammatory tissue at day 1, and this trend is not observed
locity change of the arterioles within the yellow circles (arteriogenesis), and white
imals. Scale bar represents 0.5 mm in all DOMAG images (For interpretation of the
rticle.).

at the control area where there is no or less lymphatic vessels
(Fig. 3F). Both lymphatic vessels and mouse ear thickness con-
sistently revealed local inflammation progression in regards to
arteriogenesis.

OMAG/DOMAG technique also has the ability in monitoring col-
lateral circulations in the mouse cerebral cortex during stroke.
A demonstration of arteriogenesis in mouse cerebral cortex is
presented in Fig. 4. Cerebral pial vessel structures and the corre-
sponding bidirectional axial blood flow velocity of pial vessels are
given in baseline, occlusion (MCAO), and reperfusion. ACA and MCA
supplying territories are distinguished by blood flow directions at
baseline Discontinuities in vessel connectivity are observed at AAA
in DOMAG due to the slow oscillating blood flow at this preserved
vascular region (Toriumi et al., 2009), but vessel structure remains
present in OMAG due to the high movement sensitivity of OMAG.
During MCAO, the pre-existing AAA became activated and turned
into functioning collateral arterioles (Fig. 4B and E).

A reversal of the blood flow direction can be also observed at
the MCA  branches through collateral circulation. After reperfusion,
blood flow in MCA  is restored, but the AAA remain in function.

4. Discussion

Two distinct forms of vascular remodeling can be observed after
blood flow obstruction: angiogenesis and arteriogenesis. According
to Schaper and Scholz (2003), arteriogenesis is a process whereby a

pre-existing arteriole from the resistant vessel class matures into an
artery of conductive vessel class, whereas angiogenesis is a process
where new capillaries sprout from pre-existing capillaries. Both
types of adaptive vessel growth play an important role in reducing
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Fig. 3. Local inflammation progression during arteriogenesis.
(A)–(E) Merged images of lymphatic vessels (blue) and vasculature (red) in three dimensions of the mouse ear layer between epidermis and cartilage at baseline, cut, day 1,
day  4, and day 7, respectively. The red asterisk in (B) marks the location of artery transection. Yellow circles indicate the area of local inflammation signified by lymphatic
vessel  formation, and white circles indicate the control region with no or less lymphatic vessels. (F) Average tissue thickness change of the pinna (between epidermis and
cartilage) at both yellow (arteriogenesis) and white (control) circles was measured. Error bars represent the SEM of the thickness from 5 mouse ears. Scale bar represents
0.5  mm in all 5 images (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 4. Arteriogenesis at cerebral anastomoses in mouse brain during stroke.
(A)–(C) En face MIP  of OMAG within 100 �m depth from the cortical surface at baseline, occlusion (MCAO), reperfusion, respectively. (D)–(F) En face MIP  of DOMAG with
directional blood flow axial velocity distribution color-coded, corresponding to OMAG images above. Color bar represents blood flow axial velocity in range of ±6.0 mm/s.
Blue  arrows identified three of the functioning anastomoses in relation to their positions in OMAG and DOMAG during occlusion. ACA: anterior cerebral artery. MCA: middle
cerebral artery. AAA: arteriolo-arteriolar anastomoses between MCA  and ACA. Scale bar represents 0.48 mm in all images (For interpretation of the references to color in this
figure  legend, the reader is referred to the web  version of this article.).
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schemic damage and repairing tissue. However, only arteriogene-
is provides an equivalent response to blood flow deficits caused by
rterial occlusion given that capillaries are unable to replace larger
onductive arteries (Schaper and Buschmann, 1999).

Occlusive vascular diseases remain a major cause of death and
orbidity in industrialized societies. For decades, efforts have been
ade to develop therapeutic approaches that stimulate self-curing
echanisms within the body. Since collateral arterioles can func-

ion as “natural bypasses” in maintaining regional blood flow and
ffsetting the adverse effect of tissue ischemia, stimulation of arte-
iogenesis has become a potential candidate for the treatment of
cclusive vascular disease (van Royen et al., 2001). However, the
omplex process of arteriogenesis is not fully understood. Previ-
us identification of collateral vessel structural change relying on
istology is not sufficient to observe vasodynamics over time, and
ay  present difficulties when evaluating the effectiveness of an

rteriogenic factor. A powerful imaging technique that provides
onsistent quality of vasculature and flow status, desirably non-
nvasive, would improve our understanding of the mechanisms of
rteriogenesis and contribute to the development of new therapies.

OCT-based angiography is increasingly becoming an important
ngiographic technique due to its ability to generate volumetric
icrovascular networks of biological tissue with excellent resolu-

ion (1–10 �m resolution) without a need of exogenous contrast
gent. Numerous OCT angiography algorithms have recently been
roposed for microvascular imaging, including optical microan-
iography (OMAG), phase variance techniques, split-spectrum
echniques, etc. A recently published review article has evaluated

ethods and algorithms for OCT-based angiography based on three
etrics obtained by each algorithm (Zhang et al., 2015). As a result

f the comparison, OMAG, which is an algorithm based on com-
lex OCT signal, delivers the best performance overall, in aspects of
essel connectivity, contrast, and signal-to-noise ratio (SNR). Addi-
ionally, the review also suggests a faster processing time using
MAG algorithm which reduces overall computational cost.

In this study, we applied the high-resolution OMAG technique
o reveal in vivo changes in arterioles in a mouse ear and brain,
bserving key elements of the process of arteriogenesis, includ-
ng alteration in collateral vasculature morphology, vessel outward
rowth, and blood flow velocity change. In the longitudinal mouse
ar study, we observed peaking in vessel diameter expansion and
lood flow velocity increase at day 1 but not immediately after
rtery transection (Figs. 1B, 2E). According to the literature, arte-
iogenesis involves altered fluid shear stress caused by arterial
bstruction, which initiates a complex cascade of molecular and
ellular events leading to increased vessel lumen and wall thickness
Heil et al., 2006). This is not a process of passive dilation but active
roliferation and remodeling which requires time to develop. This
eak growth time observed in our study is consistent with reports
hat the active growth phase in arteriogenesis occurs between 12
nd 24 h (Buschmann et al., 2003). We  also investigated whether
he magnitude of inflammation has a similar time course as the
essel remodeling by observing lymphatic structure and edema
nduced tissue thickness change. From our result, both local lym-
hatic vessel activity and tissue thickness reach the greatest value
t day 1 (Fig. 3), sharing a similar time course with the surrounding
ascular remodeling.

It is important to mention that after artery transection, a great
eal of collateral arterioles were being actively remodeled to retain
he downstream blood flow. Hence, artery structure downstream at
he transection point can be better preserved in OMAG angiogram
ven immediately after the transection (Fig. 3B), as well as a quick

estoration in the blood flow velocity downstream to transection
oint shown in DOMAG (Fig. 2B). For statistics, one of the major
ollateral arterioles was picked randomly from each mouse for
iameter and blood flow velocity measurement.
ethods 274 (2016) 164–171

The OMAG/DOMAG technique presents a potential in monitor-
ing collateral circulations in mouse cerebral cortex during stroke. At
baseline, the ultra-sensitive OMAG reveals a complete cerebral pial
vessel angiogram (Fig. 4A) regardless of a velocity discontinuity at
anastomoses in DOMAG (Fig. 4D) due to the slow oscillating blood
flow at this preserved vascular region. This feature will be useful
in identifying the location of vessel connections prior to ischemic
injury and predict collateral circulation outcome. In the meanwhile,
DOMAG presents a bidirectional axial blood flow velocity map  that
differentiate three kinds of vascular supplying territories: ACA,
MCA, and dually supplied AAA (Fig. 4D). It also captures territory
shift during occlusion and reperfusion, which can provide guidance
in the study of hemodynamic homeostasis at the T-junctions dur-
ing ischemic injury. In this current study, survival experiments of
MCAO were not performed, however, application of OMAG imag-
ing techniques to a longitudinal stroke model may  yield additional
insights to the progression of arteriogenesis after cerebral arterial
occlusion. This model could be useful to develop novel therapies
that stimulate arteriogenesis to improve cerebral blood flow after
stroke.

In addition to cerebral vascular visualization, a cross-sectional
structural thickness information obtained from OCT images may  be
potentially applied in cerebral edema assessment. Cerebral edema,
also referred to as brain swelling or intracranial pressure, can result
from brain trauma or from ischemic stroke and inflammation due
to meningitis or encephalitis (Raslan and Bhardwaj, 2007). The
edema takes up brain’s extracellular space resulting in brain tis-
sue swelling and thickness change, which could compromise the
regional or global blood flow. The consequences of cerebral edema
can be lethal, and managing cerebral edema development is critical
to prevent secondary neuronal injury. A brain tissue thickness eval-
uation provided by OCT may  be a great non-invasive tool to guide
the management of cerebral edema development and regional CBF
maintenance during and after ischemic injury.

One limitation to the technique described here is the possibil-
ity for inconsistencies in measured axial velocity. Small changes
in sample position between imaging sessions could affect the
observed axial velocity because this measure is dependent on the
angle between the beam and sample surface. This concern high-
lights one of the major challenges in longitudinal DOMAG analysis
in arteriogenesis, as the vessels orient in various angles inside the
biological tissue. We  have attempted to minimize the potential for
this error by carefully orienting the sample frame the same at each
imaging session. However, further study will be needed to refine
the sample placement to improve the reliability of axial velocity
(e.g., using a goniometer stage with a large angular range or increase
the sample number in the statistics).

5. Conclusion

In this study, we have demonstrated the feasibility of an OCT-
based OMAG technique to image in vivo arteriogenesis in mouse
ears and delineate cerebral collateral circulation in the mouse brain.
We have shown that OMAG is useful to reveal comprehensive infor-
mation during arteriogenesis, including the active expansion of
collateral vessels and increased blood flow. Our  results from the
mouse ear pinna have shown that the time course of collateral
vessel diameter and velocity change agree with previous reports
that the active growth phase of arteriogenesis occurs between
12 and 24 h after induction by vessel occlusion. The OCT  tech-

nique also provides the ability to assess tissue inflammation based
on cross-sectional structural images and lymphangiograms. These
techniques can be applied to multiple tissue types, and have the
potential to guide future experimental studies of arteriogenesis
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