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Microvascular Branching as a Determinant of Blood Flow
by Intravital Particle Imaging Velocimetry

Patricia Parsons-Wingerter, Terri McKay, Mary Vickerman,
Mark P. Wernet, Jerry G. Myers, Jr., Krishnan Radhakrishnan

The effects of microvascular branching on blood flow were investigated in vivo by microscopic
particle imaging velocimetry (micro-PIV). We use micro-PIV to measure blood flow by tracking
red blood cells (RBC) as the moving particles. Velocity flow fields, including flow pulsatility, were
analyzed for the first four branching orders of capillaries, postcapillary venules and small veins
of the microvascular network within the developing avian yolksac at embryonic day 5 (ES5).
Increasing volumetric flowrates were obtained from parabolic laminar flow profiles as a function
of increasing vessel diameter and branching order. Maximum flow velocities increased
approximately twenty-fold as the function of increasing vessel diameter and branching order
compared to flow velocities of 100 — 150 micron/sec in the capillaries. Results from our study
will be useful for the increased understanding of blood flow within anastomotic, heterogeneous
microvascular networks.
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ABSTRACT

The effects of microvascular branching on blood flow were investigated in vivo by microscopic particle imaging velocimetry (micro-PIV), We use micro-PIV to measure
biood fiow by tracking red blood cells (RBC) as the maving particles. Vielocity flow fields, including flow pulsatility, were analyzed for the first four branching orders of
capillaries, postcapiilary venules and small veins of the microvascular network within the developing avian yolksac at embryonic day 5 (E5). Increasing volumetric
flowrates were obtained from the flow profiles as a function of increasing vessael diameter and branching order. Maximum flow velocities increased approximately
twenty-fold with increasing vessel diameter and branching order relative to flow velocities of 100 — 150 pm/sec in the capillaries. Results from our study will be useful for
advancing the understanding of blood flow within anastomotic, heterogeneous microvascular networks. (Supported by NASA Glenn Research Center IRD04-54.)

INTRODUCTION

It is hypothesized that the dynamics of blood flow, including velocity, pressure and shear stress, are influential factors In microvascular remodeling and
angiogenesis. Blood flow is primarily laminar and therefore by Hagen-Poiseuille's law, blood flow and pressure are proportional to the fourth power of vessel
radius (r'). Our research focuses on the role of vessel morphology In microvascular remodeling, angiogenesis and lymphangiogenesis. We quantify vascular
remodeling as a function of vessel morphology, diameter, branchpoint and branching generation using the NASA Glenn computer software VESGEN."* For this
study, we are investigating blood flow as a tunction of vessel diameter by intravital particle imaging velocimetry (PIV)." PIV measures local velocities within a flow
fiedd by frame-to-frame cross-corralation of particle displacement. We image the optically accessible microvasculature of the avian embryonic yolk sac. Red blood
cells (RBC) serve as the moving particles, so that fluorescent tracking particles are not required

METHODS

Intravital Imaging and Posi-Processing. Fertilized quail eggs (Coturnix coturmix japomnica) were cuftured
within 6-well Petri dishes at 37.5°C as described previousty.' At embryonic day 5 (E5), a field of venous
blood vessels was selected from the yolk sac vasculature (Fig. 1A) for the imaging of four successive vessel
branchpoints (Bri-Brd) that included successive venous branching generations and capillary vessels
(Fig. 1B). The Petri dish was placed on a microscope stage pre-warmed lo 37°C and also under an infrared
heat lamp. A digital image stack (or movie, Fig. 2A) of 375 images (image size of 1024 x 1024 pixels at 125
frames per sec and 1/300 sec shutter speed) was acquired in grayscale (256 levels) at total magnification of
144X (resolution = 0.957 pmipixel) with an Olympus SZX12 sterec microscope and a high-speed,
high-resolution Photron Ultima APX-RS CMOS sensor camera and Photron FastCam Viewer (PFV)
software, lluminated by a 100W mercury bumer light source with UV filter. A set of four image stacks,
Bri-Br4, was acquired from each of five embryonic specimens; one representative image set is reported
here. Images were despeckled by sublracting from each image a spot image obtained by processing the
image stack with stack averaging, bacground subtraction, and histogram adjustment. Noise was reduced by
slight Gaussian filtering. A binary vascular mask displaying only the vascular field was generated by reading
the aligned images as an ImagedJ stack, calculating the standard deviation image, and performing limited
additional noise removal and thresholding (Fig. 2B). Images were aligned using the inverse of the vascular
mask with NIH ImageJ plug-in TurbeReg. The vascular mask also served lo isolale the vascular velocity field
for analysis by PIV.

Figure 1. Microvascular Branching and Intravital Imaging.
(A) Fertilized quail eggs were culfured ex ovo in G-well Petri
dishes untl embryonic day 5 (ES). The yolksac vascutature,
which transports blood pumped by the embryonic heart, is
clearly visible on the yolk. (The choroaliantolc m rANE
{CAM) appaars as a small, highly vascularized balloon exiting
from the embryonic gul). (B) A representalive venous
vascular tree of the yolk sac containing four areas selected for
Imaging of Bri-Brd is displayed

Figure 2, Imaging and Masking of a Vascular Field. (A) A gray-scale image from e B2 image stack
iustrates vascular morphology and blood flow, (B} The binary vascular mask of the Br2 image stack was
used to (1) align the image stack and (2) isolate the vasculature lor analysis of blood flow velocity ty PIV.

Microscoplic Particle Imaging Velocimetry (Micro-PIV). Microscopic PIV (micro-PIV) was performed on Bri-Brd image sets using the NASA PIVPROC software
program® to measura local velocities at each point on the image grid generated by a subregion size of 64x64 pixels and spacing of 32x32 pixels (for second pass: 32x32
pixels and 16x16 pixels, respectively). Background velocities (Le., velocities in tissue outside of the blood vessels) within an image stack were set to zero using the
vascular mask (Fig. 28). PIVPROC employs advanced cross-correlation and particle tracking operations following background sublraction, and uses fuzzy logic for
validating the identification of correlation peaks and particle pairings in particle-tracking operations.

Analysis of Blood Flow Velocity and Volumetric Flowrate. To resolve flow pulsatilities resulting from periodic velocity cycles due to cardiac pumping of the
blood, the velocity field generated by PIVPROC for each image within a 375-image stack of Bri-Br4 was averaged over seven time sleps (i.e., three images
before, and three images after, the analyte image). The velocity field of blood flow in an image was converted by the scientific visualization software Ensight to a
colorized map of velocity vectors. Average velocities were further calculated for the rise, peak, fall and valley of the periodic velocity cycle. The volumaetric flowrate
was calculated al each cross-section of a vessal by numerically integrating the velocity profile

RESULTS

Results for a Bri-Brd image set from a representative expenment with one specimen are lllustrated in Figs. 3-4. Cross-sectional velocily profiles in the
post-capillary collecting veins were approximately parabolic, indicating laminar biood fiow. According to mean values of the cross-sectional culs (red, green
and blue, Fig. 3), the volumetric flowrate of 1,32 pl‘min at maximum (peak) velocity in the largest vessel of Bri (diameter = 169 pm) decreased to 1.17 plfmin at
minimum (valley) velocity. The volumetric flowrate at maximum velocity in the largest vessel of Brd (diameter = 74 pm) was 6.02x107 pl'min. Overall, the
maximum flow velocity at the center of the vessals for Br1-Brd decreased approximately 20X, from a maximum of 2000 pm/sec for the largest vessel in Bri
o 100-150 pmisec in smaller capillaries (for example, see Brd). Absolute differences in the spatial average of velocity over time declined considerably from
Br1 1o Brd. Pulsatile flow cycles in Br1 — Brd were approximately equal (0.4 sec)
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DISCUSSION

By intravital micro-PIV, velocity flow fields were investigated for the first four branching orders of the microvascular petwork in the quail yolksac at ES.
Blood flow was measured by tracking RBCs as the moving particles. Parabolic velocity profiles in the larger veins indicate that blood flow was laminar. By
measurements of individual venous vessels, blood velocity and volumetric flowrate decreased with decreasing vessel size (Fig. 3), which is qualitatively
consistent with the Hagen-Poiseuille law. In future calculations, we will investigate the mathematical relationship between vessel diameter, velocity and
volumetric flowrate in our expenmental model. By spatial averaging of the velocity flow field (Fig. 3), absolute differences in maximum and minimum
averaged velocities for periodic flow cycles also decreased with decreasing branching order (Fig. 4). We will conclude our study by segmenting capillaries
and veins in the velocity flow fields of Br1 = Brd using the GRC software VESGEN (Fig. 5)."* Segmentation (classif on) of the Is into generational
branching orders will support further marphological analysis of blood flow dynamics as determined by vessel parameters thal include vessel diameter,
branchpoint density, and tortuosity
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Figure 3. Analysis ol Velocity Flow Figlds for ive Vessel Vielocity low flelds measured by micro-PIV and averaged for values of peak llow are illustrated
for Bri-Brd (A-D), whare the magnitude of the velocity vectors (um/sec) are given by color lookup tables (LUT). Velocity profiles across the major vessels show good agreement
as generated by ss-sectional culs (fed, green, and blue circle aind are plotted in the upper right comer of the ligure panels. The white arrows Indicate the direction of
venous flow, the white lines are calculated particle path lines for the ABCs. Average velocities ¢ ool ly with decreasing vessel diameter, Vielocity profiles are
highly pars indecating that blood flow within the vessels was laminar, Cyclic pulsatiliies of the venous blood llow circulation are displayed in graphs of average velocity

versus time (gold, center right)

Figure 4. Comparison of Pulsalile Flow Magnitude and Cycle for Bri-Brd. The spatial average of the valocity flow
fieeld within each masked image of the 375 image stack is plotted versus time In red (frame-by-lrame) and blue
{7rame avare The averaged velocity magnitude increased up o fivelold in the fliow field containing the
largest vessels n ve o the llow feld of smallest vessals (Brd). Absolute differences in the average
velocity of | iood flow d d cor ity from Br1 to Brd. The periodic cydes of pulsatie
flow for Br1-Brd, however, were approximatety equal (0.4 sec),

spatial average of velocity magnitude by frame

Figure 5. VESGEN Software for Automatic Analysis of Vessel > 5
Branching Generations {G1-65). The VESGEN software analyzes A
numerous vessel paramelers such as vessel diameter, length, &
tortuasity and number density for each generation of branching
within a vascular tree (s0on o be released by NASA Glenn as a
downloadable software plug-in for NiH Imaged).'* As a final
shudy for our project, velocity flow felds Bri-Brd measwed by
micro-PIV will be analyzed according to vessal branching
generation as determined by VESGEN.
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