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The capillary bed offers the largest
hemodynamic resistance to the
cortical blood supply
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Abstract

The cortical angioarchitecture is a key factor in controlling cerebral blood flow and oxygen metabolism. Difficulties in
imaging the complex microanatomy of the cortex have so far restricted insight about blood flow distribution in the
microcirculation. A new methodology combining advanced microscopy data with large scale hemodynamic simulations
enabled us to quantify the effect of the angioarchitecture on the cerebral microcirculation. High-resolution images of the
mouse primary somatosensory cortex were input into with a comprehensive computational model of cerebral perfusion
and oxygen supply ranging from the pial vessels to individual brain cells. Simulations of blood flow, hematocrit and oxygen
tension show that the wide variation of hemodynamic states in the tortuous, randomly organized capillary bed is
responsible for relatively uniform cortical tissue perfusion and oxygenation. Computational analysis of microcirculatory
blood flow and pressure drops further indicates that the capillary bed, including capillaries adjacent to feeding arterioles

(d < 10 um), are the largest contributors to hydraulic resistance.
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Introduction

Biochemical signaling between cerebral microcirculatory
blood flow and the supply of oxygen to the brain is crit-
ical for normal brain function as well as disease states
including ischemia,!® micro-infarcts,”® and functional
hyperemia.'®'? The functional interaction of cerebral
hemodynamics, angioarchitecture, and brain cell metabol-
ism is known as the neurovascular unit (NVU). It has been
hypothesized that control of the NVU depends on the
orientation and arrangement of the microvessels.'*'*
Moreover, non-Newtonian hemodynamic effects such as
plasma skimming or the Fahraeus—Lindqvist effect may
contribute to homogeneous oxygen supply in the cerebral
cortex.'> ! Experimental inaccessibility and microdi-
mensions of the cortical tissue have so far limited
the ability to verify these hypotheses. In this work, we
combine an almost complete inventory of brain cells and
blood vessels obtained from sizable sections of the
mouse cortex with a first principles computational
model to better elucidate microcirculatory blood and
oxygen perfusion patterns.

The functional relationship between microcircula-
tion, tissue topology, and oxygen supply has been
the object of experimental and computational studies
for over 30 years.'® 2 The supply of oxygen from the
blood to the surrounding tissue has been quantified in
empirical*>** and theoretical®** studies, but have typ-
ically been limited to a single blood vessel. However,
single vessel studies fail to describe network effects.
Recent attempts to explore networks employ hierarchal
tree-like structures to model small sections of the
microcirculation.®*” ! However, experimental evi-
dence has been unable to identify a hierarchal order
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to blood pressure,32 hematocrit,*® red blood cell vel-
ocity,** or oxygen saturation. Other studies employed
random geometric space filling methods®>*®; unfortu-
nately, these structures did not conform to the vessel
topology seen in microscopy. However, topology sig-
nificantly affects oxygen exchange.'*?” Another study*®
reconstructed a microcirculatory network from a thin
section of the human cortex; yet in the resulting shallow
computational domain, most microvessels are inter-
sected by boundaries, thus failing to achieve three-
dimensional network connectivity. This model is also
subject to delicate boundary condition choices which
weakened its predictive power. Another study®® com-
bined human image data with a modified constructive
geometric optimization algorithm® to synthesize a
physiologically realistic, randomized model of the
NVU. The topology of artificially generated NVUs is
statistically equivalent to the topology of real networks
obtained by laser microscopy.”’ However, that study
concerns the human cortex but not the mouse.

This paper presents simulation results of blood supply
and oxygen delivery in a large section of the mouse brain
covering the pial network, penetrating vessels, the com-
plete capillary bed, and almost all neuronal and glial
brain cells. Two-photon microscopy imaging data of
the murine somatosensory cortex*' were used to create
a physiologically accurate multi-scale computational
model of the cortical microcirculation. Simulations pre-
dicted realistic values for red blood cell velocity, hem-
atocrit and oxygen tension in blood vessels, extracellular
space (ECS) as well as intracellular compartments.

Materials and methods

The methods section describes data acquisition of the
four somatosensory cortex specimens in the mouse.
The mathematical background for modeling non-
Newtonian hemodynamics, oxygen transport across the
blood-brain barrier (BBB), and metabolism in the extra-
vascular space is given.

Data acquisition

In four specimens, homologous sections of the somato-
sensory cortex were extracted and imaged with two
photon microscopy.*'** Each section, with volumes
Vi=1.14, V,=194, V;=285, and V4=2.71 mm?,
respectively, extends the full depth of the cortex down
to the white matter, covering about 1-2% of the gray
matter of the entire mouse brain.*> Brain cell nuclei
were labeled with a DNA stain and their locations vec-
torized**; neuronal nuclei were further labeled with a
pan-neuronal marker. Neuronal cell density ranged
from 120,727-208,509 cells/mm3. Glial cell distribution
was sparser with a range of 42,976-141,319 cells/mm®.

All blood vessels were labeled with a fluorescent gel
under conditions that preserved lumen interior diam-
eter. The spatial arrangement and connectivity of blood
vessels, including all capillaries, were recorded. Every
vessel in the four data sets was assigned one of five
labels: (i) pial artery, (ii) penetrating arteriole, (iii)
capillary, (iv) penetrating venule, or (v) pial vein. Pial
arteries and penetrating arterioles were separated into
different groups according to the diameter and location
within the section. Vessel segments close to the cortical
surface (within 100 um) with a diameter larger than
10 um were considered pial arteries. Vessels branching
from surface arterioles were labeled descending arteri-
oles. The tree-like descending arterioles were traced
until the capillary bed was reached. The capillary bed
was separated from the penetrating arterioles assessing
the branching order from the arterioles as well as a
6 um diameter cutoff. Vessels that were within three
branching orders of a large arteriole in the direction
of blood flow were considered to be penetrating arteri-
oles. No effort was made to differentiate pre-capillary
arterioles from post-arteriole capillaries. This was not
performed in the parent study*' and requires differen-
tial labeling of smooth muscle versus pericytes.***” For
example, the molecular marker for smooth muscle
actin, or proteoglycan NG2, would be needed to label
both smooth muscle and actin, while the marker for
intermediate filament desmin would be needed to label
arteriolar smooth muscle®® only. A similar segregation
based on size and branching order was applied in
reverse to label penetrating venules and surface pial
veins; specifically, a capillary-penetrating venules cutoff
for diameters less than 6 um and a penetrating venules-
pial veins cutoff for diameters less than 12 pm within a
depth of 100 um below the pia.

Biphasic blood flow computations

Microcirculation was modeled as a biphasic suspension
consisting of red blood cells (RBCs) and plasma flow-
ing through a network of interconnected cylindrical
segments.'’ Non-Newtonian blood viscosity was calcu-
lated as a function of the local hematocrit and vessel
diameter.'®*+> More theoretical background for bulk
blood flow computations is given in Supplemental
Information, and all boundary conditions are described
in Table 1. Hematocrit distribution is computed using a
drift-flux model described previously.!” RBCs and
plasma distributions were computed using a kinetic
plasma skimming model (KPSM)'” to determine the dis-
charge hematocrit, H;, and the RBC velocity in each
segment. In the mass conservation for RBCs in equa-
tion (1), the flux of RBCs through a vessel, Qgpc, 1S
equal to the product of the bulk blood flow, Q, and the
discharge hematocrit. An uneven distribution of RBCs
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Table I. Summary of boundary conditions used in the micro-
circulatory perfusion computations.

Biphasic blood flow

32,51,52

Pressure Hematocrit

Arterial inlet 120 mmHg 0.35

Venous outlet 5 mmHg Fully developed,

VH=0

Oxygen
RBC* Plasma

Pial arterial inlet 68.4 mmHg 68.4 mmHg®

Pial venous outlet Fully developed, Fully developed®?,
VCrec =0 VG, =0

Tissue surface No Flux

Tissue GW Interface Cyclic

Tissue boundaries Cyclic

?In equilibrium with RBC oxygen tension according to the Hill equation.

in each bifurcation results from the velocity difference
between RBCs and plasma, known as plasma skimming.
Red blood cell mass conservation is written for a single
bifurcation in equation (2). The difference in discharge
hematocrit for two daughter branches, H, and H3, and
the parent vessel, H;, was determined by solving for the
adjusted hematocrit, H*. The adjusted hematocrit
depends on kinematic plasma skimming coefficients,
6;, which are geometric functions of the cross-sectional
area fraction of daughter to parent vessels, 4;/A;, and
the drift parameter, M =5.25, given in Table 2.

V- (QH;) =V -Qrpc =0 (1)
O1H| — 0,H, — Q3H3 =0 2

Hy=H —AH=0,-H H;=6 H

Table 2. Cerebral oxygen transport parameters used in this work.

Parameter Description Value Units Reference
Qpy Plasma oxygen solubility 2.82x107° mL Oy-mL™" mmHg™' Christoforides®*
a ECS oxygen solubility 2.80x 107° mL O, mL~" mmHg™' Liu>*

B Hemoglobin — O, binding capacity 0.52 mL O,-(mL RBC)™! Goldman®’
Decs ECS oxygen diffusivity 1.8x 10° pm?2s~! Mintun®®
k¢ Forward rate of hemoglobin-O, dissociation 50.0 s This Work
M Plasma skimming coefficient 5.25 - Gould"”

n Hemoglobin saturation Hill coefficient 27 - Ellis®’

Pso Oxygen tension for 50% hemoglobin saturation 37 mmHg Ellis>”

Km Mitochondrial oxygen metabolism 35 s This Work
Remro Oxygen metabolic rate (zeroth order) 2.6 pmol-g " min~" Cui*®
kemro Oxygen metabolic rate (first order) 1.0 s This Work
Se Glia cell surface area 1780 pm? Rodriguez®’
Sm Mitochondria surface area 3.75 pm? Hoppler®®
Sh Neural cell surface area 23,430 um2 Howard®'
u Oxygen mass transfer coefficient” 1.77 x 10° pm? s~ Popel®?

Wp Endothelial Wall Thickness® I-5 pwm Linninger®’
Wi Neuronal membrane thickness 40 nm Schmite®?
W Glial membrane thickness 20 nm Schmitt®?
W Mitochondrial membrane thickness 10 nm Sjostrand64
Vi Mitochondria volume 1.83 pm? Hoppler®®
Vn Neuronal cell volume 5694 um3 Howard®'
Ve Glial cell volume 869 um? Williams®®

*Pial vessels were assigned a mass transfer coefficient of zero. ®!Formula for wall thickness: w, = 0 + &; arteries (6 =0.2, 5 =0.4), capillaries (6 =0,

d=1), and veins (0 =0.021, 5 =0.94).
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Blood pressure boundary conditions were assigned
to all pial vessels entering and leaving the domain using
the choices described in Table 1. A discharge hemato-
crit of 0.35 was set for each inlet on the pial surface.
The model further assumed a fully developed hemato-
crit field at the outlet (no change of hematocrit across
the last segment).

Oxygen convection in erythrocytes and plasma

Oxygen convection in the blood stream and transport
into the tissue was solved using a previously presented
dual-mesh technique.'”*? Oxygen bound to hemoglobin,
Cmpo,, travels at the velocity of the RBC phase, ugpc,
as in equation (3). Axial oxygen diffusion within the
cylindrical vessel segment was neglected. Furthermore,
non-lincar  oxygen—hemoglobin  dissociation  kin-
etics®>*%%67 from the erythrocytes to plasma were
implemented. The rate of oxygen desaturation from
hemoglobin to plasma, Rr_p, in equation (3) was
given by a first-order kinetic rate law, described in equa-
tions (13) to (15) of Supplemental Information, where
additional details on the full binding kinetics are pro-
vided. It is important to note that the proposed
oxygen dissociation kinetics obeys to the well-known
Hill equation when reaching equilibrium.

—ugpc - VCipo, — Rrsp =0 (3)

Free plasma oxygen, Cpo,, was convected with
plasma phase velocity, u,, given in equation (4).
Oxygen transported from the capillary bed across the
endothelial membrane of the BBB was driven by
the concentration difference between free oxygen in
the plasma and in the ECS, Cgcso,.

Oxygen extraction across the BBB from the blood to
the extravascular space in equation (4) is a function of
vessel surface area, S,, oxygen permeability of the
endothelial tissue, U, and endothelial wall thickness,
wy. Wall thickness was modeled as a linear function
of the vessel lumen diameter, d, for arteries, capillaries,
and veins as annotated in Table 2.

. U
—Up] + VCplO; + Rpp— Sba (Cp]02 — CECSOZ) =0 (4)

At the pial arterial inlets, the bound oxygen tension
was set to pO, =68.4mmHg, listed in Table 1, as mea-
sured by two photon microscopy.’® This value corres-
ponds to RBC saturation of 83%. The concentration of
free plasma oxygen was set under the assumption of
equilibrium between the RBC and plasma phases
according to the Hill equation. At pial outlets, both
free and bound oxygen fields were assumed to be fully
developed.

Tissue oxygen diffusion and metabolism

Tissue oxygen leaving the vasculature across the BBB
enters the ECS. The ECS was discretized into a uniform
Cartesian grid of a fixed edge length. Blood flow,
pressure, and oxygen profiles were shown to be inde-
pendent of the domain discretization. Results of a com-
prehensive mesh independence study can be found
in Supplemental Information. Each cubic tissue elem-
ent may contain multiple blood vessels; therefore,
its oxygen supply stems from multiple segments, N,,
as given in the summation term of equation (5).
Extravascular oxygen can diffuse through the tissue
characterized by the diffusion coefficient, Dgcso,. The
cortical surface was assumed to be impermeable to
oxygen as shown in Table 1. At the sides of the cortical
section, cyclic boundary conditions were enforced by
connecting faces on opposing sides of the specimen to
emulate an infinite domain. A cyclic boundary condi-
tion was applied at the gray-white matter interface as
well, connecting the left half to the right half. Because
the specimens are thick, the boundary choices had a
mild effect in the interior of the domain.*

It has been shown previously™ that the dual-mesh
technique used here produces the same results as the ana-
lytical Krogh cylinder for a single capillary. However,
Krogh’s model cannot predict oxygen transfer in micro-
circulatory networks. Oxygen exchange in the cortex
depends on two critical factors outside the scope of the
Krogh model: (i) three-dimensional angioarchitecture as
well as (ii) axial diffusion through the ECS.

Oxygen metabolism in the extravascular tissue was
computed with two distinct versions described in the
next section. The first assumed a first-order rate law
of oxygen consumption. The second approach also pre-
dicted subcellular oxygen gradients.

First-order rate law for tissue oxygen consumption. The first
approach assumed first-order reaction kinetics.
Accordingly, oxygen metabolism was equal to the
product of the extracellular oxygen concentration,
Cecso,, the volume of each tissue cell, Vigcs, and the
first-order cerebral metabolic rate of oxygen consump-
tion, kcaro. as in equation (5).

N,
v U

2 Sh,i —w;,l- (Cpios,i — Cecso,) + V - Decso, VCcso,

i=1

1
B

— VieskemroCrcso, =0

)

Intracellular oxygen tension approach. The second, more
detailed approach aimed at computing intracellular
oxygen tension gradients between the ECS, the cell
cytoplasm, and the mitochondria. This subcellular
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metabolism is anisotropic because it incorporates the
spatial distribution of neuronal and glial nuclei.
Oxygen consumption in each tissue cell depended on
the number of neurons, N,, and glial cells, N,.
Oxygen transport into the interior of each neuron was
driven by the concentration gradient between the ECS
and the neuronal cytoplasm, C,0,, as described in equa-
tion (6). Transport across the neuronal cell membrane
was limited by its surface area, S,, and the membrane
thickness, w,. Oxygen supplied into each glial cell was
likewise determined by the concentration gradient
between the ECS and the glial cytoplasm, C,p,, and
was regulated by the glial membrane surface area, S,,
and its thickness, w,.

N,
v U
Z Sbﬁiw_bl_ (Cpios,i — CEcso,) + V- Dicso, VCicsos
i1 X

U
- Z Sy o (Cecso, — Cuon.y) (6)
J=1 "

Ne U
- Z S¢—(Creso, — Co0,,k) =0
= Ve

Oxygen metabolism in neurons. The oxygen conservation
balance for each neuron is given in equation (7).
Oxygen reaching the cytoplasm was transported into
its mitochondria, C,,0,, the actual site of oxygen
metabolism. The flux from the cytoplasm into the mito-
chondria was governed by the mass transport coeffi-
cient, U, the mitochondrial surface area, S,,, and its
membrane thickness, w,,. In this study, the inner and
outer membranes of the mitochondria were assumed to
form a single layer.

U L, U
Su o (Cecso, — Croy) — Z Sm—

n i—1 Wm

(C”()z - Cmn()z,i) =0

@)

Since mitochondria could not be imaged directly,
their spatial distribution within the neuronal cell body
was set as follows. Each neuron was assigned an aver-
age number of mitochondria,®®®® M, =839, whose
locations were spatially distributed according to a
probability distribution function® along the efferent
dendrites and axon fiber using the cell nuclei coordinate
as reference, shown in Figure 6(b). Axons were
assumed to be oriented perpendicular to the cortical
surface. This process of random mitochondria distribu-
tion was repeated for every neuron. The spatial alloca-
tion of mitochondria enabled us to approximate
anisotropic reaction rates as a function of the known
position of nuclei.

Oxygen transported across the mitochondrial mem-
brane was consumed by the electron transport chain.
The reaction rate was assumed to be of first order with
a rate constant k,,. In equation (8), Cyu0, is the con-
centration of oxygen within neuronal mitochondria,
Vi, 1s the mitochondrial volume. Oxygen tension in
the ECS, cells, and mitochondria was converted from
molar concentrations using Henry’s solubility, «;, given
in Table 2.

U
Sm; (CnOg - CmnOZ) - mGmcmn02 =0 (8)

Oxygen metabolism in glial cells. Oxygen concentration in
the glial cytoplasm, Cu0,, and mitochondria, Cg0,,
was computed using a similar approach as described
for neurons according to equations (9) and (10). The
number of mitochondria, M, =283, for each glial cell
was taken from fractional density data.”® "> The spatial
distribution of the glial mitochondria was assumed
to lie within a sphere around the nucleus as shown in
Figure 6(a). The total rate of metabolized oxygen in
each tissue cube depended on the number of mitochon-
dria, which in turn is a function of the anisotropic spa-
tial distribution of neurons and glial cells.

U M, U
Sg @ (CEC502 - CgOz) - ; Sm E (Cgoz — mgO;,i) =0

)
U
SmT (Cg02 - CmgOg) - mGmCmgOZ =0 (10)
m
Results

First, the topology of the microcirculation in the four
primary somatosensory cortical sections was statistic-
ally examined. Next, blood flow and oxygen transport
predictions are presented. Finally, trajectories of blood
pressures, hematocrit, and RBC oxygen saturation
along paths from the arterial inlets to venous outlets
were analyzed.

Morphological statistical analysis

The multi-scale dimensions of the four cortical sections
are displayed in Figure 1(a-b). Blood vessels embedded
in the cellular matrix are displayed at multiple length
scales, from pial vessels at the cortical surface down to
the capillary bed. Probability density functions (PDF)
describing the distribution of vessel diameter, length,
volume, and surface area, as well as vessel and neuronal
density, are shown in Figure 2.
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Figure |. Vectorized data of the multi-scale vascular and cellular morphology of the mouse cerebral cortex. (a) lllustration of the
multi-scale resolution of the murine cerebral vasculature from the cortical surface vessels down to the cellular level. (whole brain
snapshot taken from the NIH supported KOMP Phenotyping Pilot project’®). (b) Full view of the microvascular network with cerebral
arterioles in red, draining veins in blue, and capillaries in purple. Neuronal cells are displayed in yellow and glial cells in green at the
0.5 mm resolution. (Frames B, to B3 show data in increasing magnification B;. 1.0mm x 1.0 mm x 1.2 mm, B,.

200 pum x 200 pm x 200 pm, and B3, 25 pm x 25 pm x 25 um. At the finest resolution in B3, cell bodies of neurons and glial cells were
added for clarity). Histogram of cell to capillary distance for (c) neurons and (d) glial cells.

Distances of glial cells and neurons to the nearest
capillaries were computed and reported as a PDF,
shown in Figure 1(c) and (d). The mean distance between
the neurons to the closest microvessel was 17.8 pm. The
mean glial-capillary distance was 18.2 um. The glial spa-
cing in the third mouse specimen was shorter than the
other three, as shown in Figure 1(d). For all metrics,

the variance within each data set was compared to
the average of all four mouse cortical sections.
Overall, the distribution of vessel length, diameter,
and vessel density per volume was found to be statis-
tically similar in all four data sets (RSS <0.04).
However, the surface area occupied by penetrating
arterioles and venules was significantly smaller in the
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Figure 2. Statistical analysis of the four primary somatosensory cortical mouse data sets with superimposed hemodynamic simu-
lation results. Probability density functions of anatomical parameters: (a) vessel diameter, (b) vessel length, and (c) the number of

capillaries located at a given depth. Distributions for pial arteries (PiaA), pial veins (PiaV), penetrating arterioles (PenA), penetrating
venules (PenV) and capillaries (Cap) with respect to (d) surface area, and (e) lumen volume fraction. (f) Probability density function of
neuronal density at a given depth. (g-i) Computational results for blood pressure, hematocrit, and RBC saturation. Color-coding for (g)
blood pressure from red (120 mmHg) to blue (5 mmHg), (h) hematocrit from orange (0.99) to green (0.11), and (i) RBC saturation

from red (90%) to orange (10%).

second data set; see Supplemental Information for add-
itional details.

A PDF for vessel diameters was constructed in
Figure 2(a) showing an average diameter of 3.8+
0.3um. The diameter distribution of the capillary
bed has a mean of 3.5+0.2 um. Vessel length distribu-
tion ranged from 1 to 200 um as shown in Figure 2(b).
The number of capillaries as a function of cortical
depth is given in Figure 2(c). Capillary density was
lowest near the cortical surface and at the gray-
white matter interface at an approximate depth

of 0.8-0.9mm. The volumetric ratio of blood vessels
to tissue amounts to 0.8-1.5%, this result compares
well to previous measurements.’’*"* Vessel sur-
face area is plotted in Figure 2(d) showing that the
capillary bed occupies over 85% of surface area in all
cortical samples. Figure 2(e) shows the distribution
of volume fractions for each of the four data sets and
Figure 2(f) plots the distribution of neurons as a func-
tion of depth.

The volume distributed as follows; pial arteries
(18.8 £8.5%), penetrating arterioles (2.9+1.3%),
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! Penetrating Venules

I 0.5mm I

Figure 3. Depiction of the anatomical hierarchy of arterial, venous, and capillary microvessels in the primary somatosensory cortex
for the first data set. Vessels are painted in colors corresponding to the blood pressure depicting arteries in red and veins in blue.
Large surface pial vessels distribute blood along the surface of the cortex, and feed penetrating arterioles. Penetrating arterioles divert
blood into deeper cortical layers. The capillary bed distributes blood uniformly in all directions. Venules collect the blood from the
capillary bed and return it to the cortical surface. Pial veins convey the venous blood from the surface to the sinuses.

capillaries (56.6 £4.7%), penetrating venules (3.1+%
1.5%), and pial veins (18.7£6.2%). The total lumen
of non-capillary vessels accounts for less than 45% of
the entire microcirculatory blood volume. Data set 2
was an outlier in this distribution, with a sparse distri-
bution of penetrating arterioles (1.4%) and penetrating
venules (0.8%). Over 92% of all junctions in the capil-
lary bed are bifurcations, only 7% are trifurcations,
and 1% exhibit higher order connectivity.

Microcirculatory  angioarchitecture. Figure 3 illustrates
the anatomical hierarchy of the cortical angioarchitec-
ture. The pial arteries form a network on the cortical
surface. Long range pial arteries convey blood to more
distal regions horizontally along the cortical surface.
Penetrating arterioles siphon blood flow from the
surface pials into the gray matter. These penetrating
vessels carry blood perpendicular from the surface
down to all six cortical layers. The distribution of
microvessels in the capillary bed is isotropic with no
apparent orientational preference. Finally, venules
drain the capillary bed and penetrating venules bring
blood back to the cortical surface where the pial veins
discharge the blood into the venous sinuses.

Hemodynamics

Figure 2(g-i) also depicts computed blood pressures,
hematocrit, and RBC oxygen tension for all four
mouse data sets. The main computational results are
summarized in Table 3, which also shows comparisons
to prior experimental studies. The distribution of RBC

velocities matches previous measurements’> as can be
seen in Figure 4(a). The average capillary RBC velocity
was 0.93+0.29 mm/s, which falls within the range of
measurements shown in Table 3. RBCs in the penetrat-
ing arterioles travel at a speed of 14.18 £2.02mm/s,
and draining venules at 7.83+1.11 mm/s. These
speeds exceed RBC velocity in the capillary bed. Bulk
blood velocity (RBCs and plasma together) through
penetrating arterioles and veins was compared to
recent ultrafast ultrasound localization microscopy
measurements.’® Reported blood velocity acquired by
ultrasound in descending vessels ranged between 1 and
14mm/s, comparable to computational predictions in
both penetrating arteries, 9.51 +1.32mm/s, and pene-
trating venules, 5.26 0.74 mm/s. The discharge hem-
atocrit in the capillary bed agrees with two-photon
microscopy studies™ from H,;=0.1-0.9 as shown in
Figure 4(b).

Oxygen exchange

Vascular oxygen tension. Oxygen tension predictions in the
blood vessels were compared to recent in vivo two-
photon PO, microscopy mouse experiments>> which
measured arterial and venous RBC oxygen at different
cortical depths. Figure 4(c) and Table 3 show that the
predicted penetrating arteriole RBC oxygen content is
fairly uniform between cortical layers, with an average
of 69.2+1.0mmHg. The difference between the pre-
dicted arterial oxygen tension and measurements was
less than 10%, which falls within the range of experimen-
tal error. The predicted venous RBC oxygen tension was
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Table 3. Comparison of model predictions against experimental measurements.

Capillary Red Blood Cell Velocity mm/s Reference
0.93+0.29 This Work
o 0.99+0.17 Charpak®
o 2.03+1.42 Unekawa’®
° 1.60+0.70 Hudetz”’
o 0.77+0.51 Kleinfeld®
. 0.50+0.44 Villringer”®
0.5-1.8 Hudetz?
. 0.79+0.30 Ivanov™®
. 0.75+0.60 Ma®
0.0 1.0 2.0 3.0 4.0 5.0
Red Blood Cell Velocity, mm/s
Cerebral Blood Perfusion® mL/100g/min
[ [ [e] FH 78+16° (19-101) This Work
70-170 Xu®
o 142457 Maeda®
40-65 Gertz®
0 40 80 120 160 200
Blood Perfusion, mL/100g/min
Cerebral Oxygen Metabolism® pmole/g/min
H— [ [e[ [ FH 1.3840.34" (0.6-1.7) This Work
1.31-2.96 Zhu®
1.5-3.2 Cui®
0.0 0.8 1.6 24 3.2 4.0
Tissue Metabolism, umole/g/min
Penetrating Arteriole Vessel RBCs mmHg
69.2+1.0 This Work
° 68+17 Sakadzic®®
o 65.6+1.69 Charpak®
Capillary RBCs
[ Tel ] 38.4£4.0 This Work
o 43.3+2.0 Bailey®
36-56 Sakadzic®
o 66.3+1.6 Charpak®®
Draining Venule Vessel RBCs
35.8+3.0 This Work
~35-48 Sakadzic®
. 39.440.7 Charpak®®
Brain Tissue
22.2411.2 This Work
18-40° Erecinska®’
. 23 Charpak®
Mitochondria
21.9+11.1 This Work
o ~20 Mik®
. 14.6+4.1 Bailey®

10 30 50 70 90
a Oxygen Partial Pressure, mmHg
bRat Measurement
Omitting Data Set 2

110

°The entire range of computed values from data set 1- 4 is indicated with a horizontal bar

between 34.2 and 41.3 mmHg. These results agree with
the venous RBC oxygen tension of 39.44+0.7mmHg
recently measured by the Charpak™ lab.

Tissue oxygen tension. Figure 5 illustrates the simulated
oxygen tension for the extravascular space. Figure 5(a)

shows that the tissue oxygen tension is everywhere lower
than the arteriole and venule oxygen tension. The mean
tissue oxygen tension was found to be 22.2 +11.2mmHg,
which is 45.1 mmHg lower than the mean arterial ten-
sion, 67.3+3.6mmHg, and 16.0mmHg lower than the
average venule, 382+9.0mmHg. Total oxygen
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RBC oxygen tension compared to measured data®® drawn as lines with connected dots in red for arteries and veins in blue.

consumption in different compartments is summarized in
Figure 5(b). Accordingly, tissues near arterioles (within a
distance < 10 um) were predicted to have higher oxygen
metabolism, followed by tissues in the vicinity of venules.
The average CMRO in the more distant tissues (dis-
tance > 10 pm) amounted to 1.1540.93 umole/g/min.
Figure 5(c) to (f) reports characteristic oxygen con-
centration profiles in the tissue for all four data sets. The
high resolution of extravascular oxygen tension was cal-
culated using fine mesh discretization discussed in the
Supplemental Information. Three-dimensional oxygen
tension patterns in blood vessels are depicted in Figure
2(i). Here, tissue oxygen tension is plotted along three
rays collinear with the x, y, and z axes penetrating the
domain center as depicted in the inlay of Figure 5(c).
Along all directions, the profiles show tissue oxygen ten-
sion spikes in the vicinity penetrating arterioles, whose
locations are marked with red dotted lines. Oxygen ten-
sion is also elevated around draining venules marked
with dotted blue lines. Between vessels, the tissue
oxygen tension is relatively uniform with a mean of
22.2 +11.2mmHg. This fairly even oxygen tension falls
within the physiological range of 18-40 mmHg, which is
highlighted as a gray shaded box for clarity. Although
the boundary zones follow similar trends, they are
omitted in Figure 5 to limit the analysis to the core.
Reported profiles were invariant to finer mesh reso-
lutions with edge lengths of 6.6 um, thus demonstrating
mesh independence (see Supplemental Information).

Prediction of intracellular oxygen gradients

Subcellular oxygen tensions in the ECS, neuronal cyto-
plasm, and neuronal mitochondria were predicted using
the vectorized neuronal and glial data in combination
with the spatial distribution procedure illustrated in
Figure 6(a) for the glial mitochondria and Figure 6(b)
for neuronal mitochondria. For cortical layers I-IV
oxygen tension differences between the ECS, neur-
onal cytoplasm and neuronal mitochondria are
displayed in Figure 6(c). The schematic in Figure 6(d)
illustrates the differences between the ECS, neuronal
cell cytoplasm (N), glial cell cytoplasm (G) and mito-
chondrial oxygen tension. The mean oxygen tension
in the cytoplasm of the neurons in the four layers is
2590+ 11.15mmHg, slightly lower than the oxygen
tension in the ECS (25.91 £11.16 mmHg). The oxygen
gradient across the neuronal cell membrane was
134 x 10"®*mmHg. The oxygen tension in the neuronal
cytoplasm was 250 x 10"®*mmHg above the mitochon-
dria as shown in Figure 6(c). Intracellular oxygen ten-
sion was simultaneously predicted for glial cells.
The oxygen tension in the glial cytoplasm is 25.90 &
11.16 mmHg, which is 134 x 10~° mmHg below the sur-
rounding ECS. It should be noted that both kinetic
models of oxygen consumption yield comparable
oxygen metabolism rates. However, only the mitochon-
drial model allows predicting oxygen gradients between
the ECS, the cytoplasm, and the mitochondria. The
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Figure 5. Oxygen tension in the murine cortical tissue. (a)Average oxygen tension in the arterioles, tissue, and venules in all four data
sets, standard deviation as capped lines. The tissue is an oxygen sink and therefore lowers than both arteries and veins. (b) Oxygen
metabolism as a function of proximity to penetrating vessel. Oxygen tension along a ray passing through the center of each of the four
data sets (c—f) in the x-direction, y-direction, and z-direction. Dotted vertical lines illustrate the position of penetrating arterioles (red)
and penetrating venules (blue), gray box indicates experimentally measured oxygen tension in the murine cortex (18—40 mmHg).

first-order oxygen metabolism model does not resolve
individual intracellular oxygen differences because the
three compartments are lumped.

Path analysis

To better understand spatial variations of hemo-
dynamic states, path analysis from all arterial inlets to
venous outlets was performed. Blood pressure, hemato-
crit, RBC saturation, and plasma oxygen tension

trajectories along several representative paths for
mouse one were analyzed and plotted as a function of
diameter in Figure 7. Each path begins at an arterial
inlet and follows the direction of blood flow, making
random choices at each bifurcation, thus traversing
the capillary bed and returning to the surface through a
draining pial vein. All possible paths were enumerated and
the maximum and minimum values are painted as shaded
regions in Figure 7(b) to (f). The average trajectory of each
hemodynamic state was plotted as a black solid line.
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Figure 6. Predicted tissue, cellular, and intercellular oxygen gradients. Mitochondria were spatially distributed to different location
with the respect to the cell nucleus according to a cell-specific PDF: (a) PDF for mitochondria location around glial nucleus (x =0 mm)
(b) PDF of mitochondria in neurons. C,-C,4. Oxygen tension gradient between ECS and neuronal cytoplasm (AEN), neuronal cyto-
plasm and mitochondria (ANM), ECS and glial cell cytoplasm (AEG), and glial cell cytoplasm to glial mitochondria (AGM) are reported
for cortical layers I-IV. (d) lllustration of the differences between the ECS, neuronal cell cytoplasm (N), glial cell cytoplasm (G), and

mitochondrial oxygen tension.

The pressure was recorded for all paths for each of
the four data sets, and the average pressure drop is
shown in Figure 7(b). Minimum and maximum pres-
sures along all paths (data not shown) are depicted as a
shaded region. Blood pressure decreases monotonically
in each path displayed in Figure 7(c), which is consist-
ent with the flow direction of the blood supply. The
pressure drop is steepest in capillaries (d < 10 pum)
including small vessels fed by adjacent penetrating
arterioles. The locations of these steep pressure drops
suggest that the capillary bed is the major site of blood
flow resistance.

In addition, five representative paths were traced indi-
vidually in the first data set and are drawn as solid lines
of different colors as illustrated in Figure 7(a). The
hemodynamic states of blood pressure, hematocrit,
RBC saturation, and plasma oxygen tension were
taken along each of these paths. Hematocrit tends to
concentrate in deep reaching penetrating arterioles due
to plasma skimming as shown in Figure 7(d). For exam-
ple, in some paths (green path), the hematocrit of pene-
trating arterioles rises to H,;=0.60 which is higher than
its pial supply vessel of H,=0.35. Paths connecting to
the capillary bed closer to the surface (orange path), tend
to have lower hematocrit than paths traveling deeper
into the cortex. The RBC content in the capillary bed
is highly variable depending on the location and hem-
atocrit of its feeders. Some segments are more concen-
trated, H,=0.60, or more dilute, H;=0.11, than the
systemic hematocrit. In venules, the highly variable red
blood cell concentration in the capillaries is remixed.

Therefore, the discharge hematocrit in draining veins
returns to H,;=0.35.

The RBC oxygen saturation remains fairly constant
at 83% in the thick-walled surface arteries and pene-
trating arterioles as depicted in Figure 7(e). Oxygen
saturation then drops dramatically where the penetrat-
ing arterioles feed the thin-walled capillary bed.
Depending on the path, RBC saturation decreased any-
where to 10% (purple and blue path) to very low values
(green and orange path) in the capillary bed. This vari-
ability in oxygen saturation in the capillary bed
depends on the path length and orientation. All paths
eventually feed into the draining venules, from highly
concentrated (58%, blue path) to low saturation (45%,
orange path). This variability in RBC saturation is
reflected in the plasma oxygen tension depicted in
Figure 7(f).

Discussion

The complex interaction of microcirculatory network
topology, oxygen metabolism, and hemodynamics was
quantified by detailed simulations reaching down to the
cellular level. Microvessels were labeled by size, cortical
depth, and hierarchy. Non-Newtonian biphasic hemo-
dynamics, RBC velocity, RBC saturation, and oxygen
turnover were predicted throughout the primary som-
atosensory cortex of four animals. Intracellular oxygen
gradients between the cytoplasm and mitochondrial
oxygen tension inside neurons and glial cells were also
computed. Through the interrogation of every path
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Figure 7. Path analysis in a representative data set (mouse one). (a)Anatomy of the cortical microcirculation with five typical flow
paths. Each path follows the blood flow from an inlet pial artery through the capillary bed returning to the surface via draining venules.
B,—B4. Mean pressure paths and range of microcirculatory blood pressure shown for all four data sets. Light gray shaded box indicates
the capillary bed (vessels with diameter < |0 im), where the main pressure drop occurs. This shaded region includes pre-capillary
arterioles, capillaries, and post-capillary venules. (c-f) The computed hemodynamic trajectory of each flow path is reported for (c)
blood pressure, (d) discharge hematocrit, (€) RBC saturation, and (f) plasma pO,. Upper and lower ranges of all paths (only five

individual paths are shown) are drawn as a gray shaded region, illustrating the heterogeneity of the capillary bed. Averages of all paths
are drawn as a black line. Note that averages do not well characterize the wide variety of hemodynamic state transitions that occur in

the capillary bed.

through the cortical blood supply, a quantitative pic-
ture of all hemodynamic state tramsitions inside the
microcirculation emerges. The computational results
identify capillaries adjacent to feeding arterioles and
the capillary bed (d < 10 pum) as the major site of hemo-
dynamic resistance.

Hemodynamics and variability along
microcirculatory paths

Simulations show that even capillaries with identical
blood flow, caliber, and path length may convey
RBC:s at different velocities. Though capillary diameter
and path length contribute to blood flow resistance, the
variability of RBC velocity within the capillary bed
depends on hematocrit fluctuations. Plasma skimming
concentrates RBCs in deeper reaching penetrating
arterioles, while paths near the surface tend to be

more dilute. Concentration of RBCs in the penetrating
arterioles ensures that deep tissue near the gray-white
matter interface is well-supplied with oxygen and nutri-
ents. The KPSM was chosen over prior models because
it can compute RBC splitting at trifurcations and
higher order vessel junctions. Table 3 offers a compre-
hensive comparison of all predications against known
experimental results. It shows that our model agrees
reasonably with most known experimental values at
the macroscopical blood flow level as well as subcellular
properties such as mitochondrial oxygen tension.

Like hematocrit, RBC oxygen tension varies little in
the surface pial arteries. Below the cortical surface in
the microcirculation, the random arrangement of the
blood vessels creates a multiplicity of paths producing
a wide spectrum of blood pressures, hematocrit, and
RBC tensions. The path analysis further shows that
blood pressures, hematocrit, and oxygen tension
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cannot be attributed to blood vessels by diameter or
membership within an ordered hierarchy. Moreover,
there is no ‘“‘standard” trajectory of hemodynamic
state transitions; this finding has important implica-
tions for experiments.

Individual experimental point measurements only
describe a single path, which in general do not coincide
with other paths in the same cortical section or those
acquired in a different animal. Discrepancies reported
in the literature may not indicate experimental error,
but merely reflect the wide variability of the natural
hemodynamic states in the microcirculation. In order
to confirm our predictions of the variance in the
capillary bed, numerous measurements in three dimen-
sional tissue samples instead of point measurements
are needed.

Microcirculatory resistance distribution

The path analysis reported in Figure 7(b) clearly indi-
cated that the largest pressure drops occur in the smal-
lest vessels (d <10 um). Accordingly, it appears that
these small vessels contribute the bulk of the hemo-
dynamic resistance. While this model does not differen-
tiate between pre-capillary arterioles or post-arteriole
capillaries, it is clear that the majority of hydraulic
resistance lies near and around the capillary bed, and
not in the penetrating arterioles. Tracing individual
paths through the microcirculation, as indicated by
the colored lines in Figure 7(c), show that the steepest
pressure drops occur in the capillary bed.

Limitations

The comparison to experimental data shows that
cerebral blood perfusion as well as cerebral oxy-
gen metabolism is at the lower end of the experimen-
tal trends indicating a reduced inflow of blood
and oxygen. We believe that some microvessels may
not have been recognized by the image reconstruc-
tion software so that the current model, although ana-
tomically fairly complete, may still miss vessels present
in the real cortex. These issues were partially
compensated by our choice to use a relatively high
inlet pressure.

The criterion for differentiating between small arteri-
oles and capillaries relied on branching order and vessel
diameter; actin and desmin labeling of the parent data
set to differentiate between pre-capillary arterioles and
post-arteriole capillaries is not available at this time.
The original data sets contained arteriolar loops that
did not connect to the capillary bed. These non-physio-
logic ““dead-end loops” were corrected by connecting
them to the capillary bed to ensure flow through
every vessel. None of the four cortical samples had

more than 30 dead-end-loops, which is equivalent to
less than 0.1% of all blood vessel segments — a minimal
change to the original data.

Not all smooth muscle and endothelial cells were
detected; therefore, the metabolic demands of these cell
types could not be incorporated in this study which may
underestimate oxygen extraction by muscle cells in the
wall of larger arterial vessels. Furthermore, because the
position of mitochondria was not determined, a spatial
distribution of mitochondria inside the neurons and glial
cells was assumed according to a probabilistic density
function. Extracellular and mitochondrial oxygen ten-
sions between simulations and experiments matched
well, but cytoplasmic oxygen tension is experimentally
inaccessible at this time. Because glucose transport, car-
boxylic acid production, and pH calculation were not
addressed in this work, oxygen binding kinetics were
computed using a set pH="7.4. A pH sensitive compu-
tation of oxygen binding kinetics using the Adair et al.*
model may be an appropriate step forward. A more
complex model” of oxygen and glucose metabolism
could also shed insight into the controlling factors for
CMRO.

Future work

The predicted wide range of hemodynamic values in the
capillary bed underscores the difficulty in comparing
point measurements between different experiments,
animal specimens, laboratories, or computer simulations.
This work suggests that the variation of blood pressure,
flow, and oxygen tension may be wider than previously
expected. Recent experimental studies of oxygen distribu-
tion in the cerebral microcirculation™ confirm the
patchiness of hemodynamic states within the capillary
bed. Accordingly, multiple measurements tracing numer-
ous paths from the surface pials down to the capillary bed
are needed for meaningful characterization of microcircu-
latory flow patterns and validation.

The capillary bed, specifically capillaries adjacent to
feeding arterioles, was identified as the primary site of
flow resistance. While dilation of a single capillary
hardly changes global blood flow, a concerted dilation
of capillaries in a sizeable cortical subsection would
drastically reduce the hemodynamic resistance thus
increasing blood perfusion to that region. Accordingly,
adjustments of capillary bed resistance may serve to
regulate tissue perfusion in response to brain injury.
On the other hand, the smooth muscles of arteries and
arterioles enable control over blood supply from the cor-
tical surface to the deep layers. This second potentially
fast activation of the arterial blood supply via vasodila-
tion and constriction may be activated during functional
hyperemia. Detailed models of cerebral microcirculation
such as the system presented here may in the future aide
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in determining the role of vasoconstriction of arterioles
or pericytes in regulating cortical blood perfusion.
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