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S1 Simulations of cellular blood flow in microvascular
networks of mouse retina

(s/w) AlIooIBA

Fig. S1. Procedure of model configuration and simulation setup for simulating
cellular blood flow in designated regions of interest (ROIs) from the vascu-
lar plexus of a P5 mouse retina. (a) Binary image of the vascular plexus stained for
Col.IV. (b) Reconstructed whole-network geometry of the vessel luminal surface from (a).
(c) Velocity field within the retinal network resolved by a flow model applying the non-
Newtonian Carreau-Yasuda (NNCY) blood rheology in (b). (d) Zoomed in velocity field
for a designated ROI in (c). (e) Clipped ROI subset from the whole-network geometry
with inlets/outlets indicated by the inward/outward arrows. (f) Cellular flow simula-
tion in the designated ROI imposing inflow/outflow and pressure boundary conditions
extracted from (d).

The immersed-boundary-lattice-Boltzmann method (IB-LBM) [3] is employed to model
blood flow as a suspension of deformable RBCs. The fluid flow governed by the Navier-
Stokes equations is solved by the lattice-Boltzmann method (LBM) with standard D3Q19
lattice [4], BGK collision operator 5] and Guo’s forcing scheme [6]. The no-slip con-
dition on vessel walls is implemented with the Bouzidi-Firdaouss-Lallemand method
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Table S1. Key parameters of the whole-plexus simulation. A simplified rheology
model, namely the non-Newtonian Carreau-Yasuda (NNCY) model [1,2] is used.

Parameter Description Value Unit Comment or reference
Dyesser vessel diameter variable pm locally mapped by PolNet
Ax lattice size 0.5 pm calculated by PolNet
Ap ocular perfusion pressure 55 mmHg 2]
U flow mean velocity variable m/s averaged over cross-section
Q volume flow rate variable m?/s Q=urD? /4
v shear rate variable 1/s solved by HemeLB
n(%) shear-thinning viscosity =~ variable mPas  n(§) = 7w + %
Mo constant 14.49 mPa s viscosity under low-shear
Moo constant 3.265 mPa s viscosity under high-shear
A constant 0.1839 s fitting parameter
n constant 0.4136 - fitting parameter
a constant 2.707 - fitting parameter

(BFL) [7]. Open boundaries are handled with the Ladd implementation of velocity
boundary conditions [8]| for control of volume flow rates at multiple inlets and out-
lets. The RBCs are modelled as Lagrangian membranes using a finite element method
(FEM). The fluid structure interaction (FSI) between the flow and the RBC membranes
is realised using the immersed-boundary method (IBM) [9], which tackles the veloc-
ity interpolation and force spreading. The algorithm integrating the LBM, FEM and
IBM [10] is implemented in the open-source blood flow simulation software HemeLB
(https://github.com/hemelb-codes/hemelb) [11] for parallel computing.

S1.1 Material model of RBC membrane

Each RBC is modelled as a closed membrane consisting of Ny triangular facets and present
a discocyte shape at rest [3]. The mesh resolution of the membrane (namely N;) matches
the lattice size Az of the flow domain for numerical stability and accuracy (see [12] for
a detailed numerical analysis). The RBC membrane is hyperelastic, isotropic and homo-
geneous. Its mechanical properties are controlled by several moduli (kg, Ky, Ko, Ka, Kv)
governing energy contributions from strain, bending, area and volume of the membrane
(see Table S2). Enclosed by the RBC membrane is the cytosol treated as a Newtonian
fluid of plasma viscosity. The viscosity of the RBC membrane itself is not considered in
the present material model.

The morphological deformation of an RBC in small vessels or channels are known to be
dominated by the strain modulus x4 and the bending modulus xj, both of which have been
extensively measured for healthy human RBCs using diverse experimental techniques.
The commonly accepted values from different experiments are ks = 5.5 £ 3.3 uN/m and
kp = 1.15 4+ 0.9 x 107 Nm, respectively (see reviews [13| and [14]). However, because
these measurements all rely on certain deformation protocols that do not necessarily
reflect the complex microcirculatory conditions, the obtained values may not apply to
RBCs travelling in capillary networks of the mouse retina. Indeed, we find that the s,
and ky required to maintain the integrity of the RBC membrane in our cellular simulations
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Table S2. Key parameters of the RBC model. The symbol “~” represents dimen-
sionless simulation units. Please refer to [3| for full details of the RBC model.

Parameter Description Value Unit Comment or reference
Trbe RBC radius 4 pm [13]
Arpe RBC surface 140 pm? [13]
Vibe RBC volume 100 pm3 [13]
Nplasma plasma viscosity 1 mPa s modelled as liquid water
Neytosol artificial cytosol viscosity 1 mPa s assuming 7eyrosol = Mplasma
Iominal Foppl-von Karméan number 400 — Thomina = %fbc
Ny number of facets 1280 - Ny = 20( 5 )?
Ks strain modulus 50 uN/m  resisting in-plane shearing
Kb bending modulus 2x1071%  Nm resisting off-plane bending
Ko dilation modulus 0.5 - conserving local area
KA surface modulus 1 — conserving RBC surface
Ry volume modulus 1 - conserving RBC volume

are roughly one order larger in magnitude than the reported values (see the simulation
values in Table S2). This substantial increase in required x5 and ky for reasonable RBC
morphology may also arise from the intrinsic difference in the haemodynamic environment
(e.g. magnitude ranges of the shear rate and wall shear stress) of the microcirculation
system between mice and humans.

S1.2 Boundary conditions for RBC simulation in ROIs

out5
Radius (um)
8 12 16
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Fig. S2. Boundary conditions for RBC simulation in ROI-1. The imposed
inflow /outflow and pressure conditions are specified according to the whole-plexus simu-
lation based on generalised non-Newtonian blood rheology (Fig. Slc).
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Table S3. Boundary conditions for RBC simulations in designated subsets of
the retinal network, namely ROI-1, ROI-2, ROI-3 and ROI-4 as illustrated in
Fig. 1la.  represents the centreline velocity at the selected cross-section (circular) of a
given vessel that serves as the inlet/outlet of the ROI and p is a reference pressure. 4 is
set as positive for inlets and negative for outlets.

ROI Inlet/Outlet Boundary type Value  Unit Dyesser (pm)

Uin1 velocity 0.500 mm/s 10.3
Uin2 velocity 7.109 mm/s 9.2
Uin3 velocity 5.511 mm/s 10.6
Wina velocity 6.371 mm/s 7.2
Uoutl velocity -0.0486 mm/s 3.7
1 Uouta velocity -0.376  mm/s 7.2
Uout3 velocity -10.739 mm/s 5.9
Uoutd velocity -2.356  mm/s 9.7
Uouts velocity -0.709  mm/s 13.5
Uout6 velocity -0.446  mm/s 11.2
Pout pressure 0 mmHg 7.2
Winl velocity 11.710  mm/s 8.0
Uino velocity 3.756 mm/s 15.7
Uout1 velocity -0.774  mm/s 5.4
2 Uout2 velocity -6.164 mm/s 10.6
Uout3 velocity -5.209  mm/s 7.1
Uputd velocity -4.829  mm/s 10.4
Pouts pressure 0 mmHg 14.5
Winl velocity 1.171 mm/s 7.1
Uin2 velocity 10.277  mm/s 13.5
Uin3 velocity 0.049 mm /s 6.9
3 Uina velocity 0.002 mm/s 2.4
Uout1 velocity -14.913 mm/s 8.8
Uout2 velocity -30.298 mm/s 4.7
Pouts pressure 0 mmHg 2.2
Winl velocity 4.222 mm/s 19.0
Uin2 velocity 1.201 mm/s 5.5
Uin3 velocity 6.367 mm/s 7.8
4 Uout1 velocity -11.658 mm/s 10.3
Uout2 velocity -7.182  mm/s 8.6
Uput3 velocity -0.514  mm/s 7.3
- velocity -0.113  mm/s 6.8
Douts pressure 0 mmHg 8.9
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S1.3 Benchmark simulations of RBC dynamics
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Fig. S3. Benchmark test of a single RBC squeezing through a narrow slit.
(a) Model configuration. (b) Time-sequence of the RBC. From left to right: ¢; = 80ms,
ty = 8Tms, t3 = 100ms, t4 = 111ms.

Given that the RBCs (subject to the material model of the cell membrane) can be
more demanding to resolve than the plasma flow in narrow vessels of the retinal network,
we performed two benchmark tests to ensure that a resolution of Az = 0.5 um (which
was adopted for the whole-plexus simulation) is also suitable for the cellular simulation in
ROI subsets. Because the smallest capillaries we encounter in the extracted ROIs are in
the range of 2-3 um, the choice of Az = 0.5 um would lead to a minimum of 4-6Ax across
all vessel diameters. To test an extreme case for the RBC’s deformation and motion, the
first benchmark simulation considers a single RBC confronted by an exceedingly confined
slit channel (by placing the cell up-front) of 1 um in depth, with only 6Ax (Az = 0.17 pm
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here) across the narrowest dimension (Fig. S3a). Smooth transit of the RBC is achieved
under sufficiently large flow rates, where the cell can perform excessive deformation to
squeeze into and then escape from the slit channel (Fig. S3b). More details about the
model configuration and simulation results can be found in Sec. S1.3.

A second benchmark simulation is repeating the RBC simulation in ROI-4 (see Fig. 1a)
under equivalent flow conditions after refining the voxel refined by two times, i.e. Az’ =
0.25 um. As dictated by the diffusive scaling for mitigating comprehensibility error in
simulation, with the voxel size reduced by half, the new time step length also needs to
be modified as one fourth of that of the original simulation (i.e. At = 1.04 x 107 %s,
At = 417 x 1078s for Az = 0.5um), meaning quadrupled simulation time (in time
steps) for equivalent physical time (in seconds). The distribution of RBCs in the network
is then compared with equivalent time steps of the original simulation with Az = 0.5 um.
Regardless of the random initialisation of cells for each simulation at the inlets, the time-
sequence of RBC snapshots from the two simulation suggests that the case with coarser
lattice resolution Az’ = 0.5 um satisfactory preserves the spatio-temporal RBC dynamics
within the ROI network (e.g. their motion and distribution) as would be expected by
that by Az = 0.25 um (Fig. S4).
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Fig. S4. Comparison of simulated RBC dynamics in ROI-4 with (a) Az =
0.5 um and (b) Az = 0.25 um. Time-sequence of the RBC motion (from left to right):
t1 = 0.042s, ty = 0.046s, t3 = 0.050s, t4 = 0.054s. Note that the initialisation of RBCs
at the inlets are random (i.e. not identical for each simulation), causing a certain level of
variation in cell number and morphology between simulations at equivalent time instants.
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Table S4. Errors of empirical prediction by the phase separation model [15]
in comparison to our simulation data. “ROI” represents region of interest; “BOI”
represents bifurcation of interest; “CB” represents child branch. “L” and “S” refer to the
relatively larger and smaller child branch within each bifurcation, respectively.

ROI CB BOI-1 BOI-2 BOI-3 BOI-4 BOI-5 BOI-6 - -

2 L 044% 0.22% 2.38% 0.0% 0.0% 1.12% - -
2 S 226% 347% 0.0% 2.89% 1.7% 0.0% - -

ROI CB BOI-15 BOI-16 BOI-17 BOI-18 BOI-19 BOI-20 BOI-21 BOI-22

3 L  678% 1.16% 349% 1.64%  3.03% 1.3%  11.86% 1.58%
3 S  5.28% 0.0% 9.02% 0.0% 2.78% 0.0% 17.62% 0.44%

ROI CB BOI-7 BOI-8 BOI-9 BOI-10 BOI-11 BOI-12 BOI-13 BOI-14

4 L 232% 135% 4.74% 0.28% 0.0% 2.5% 1.21%  0.72%
4 S 2.68% 0.0% 9.19%  1.08% 0.0% 1.97%  4.29% 0.0%

S2 Evaluation of simulation against empirical model

Several models have been established to describe the phenomenon of plasma skimming
[16-19]. Among others, the most widely-applied one is probably the empirical phase-
separation model (hereafter referred to as PSM) developed by Pries and co-workers based
on in vivo experiments and theoretical modelling [15-16,20-22]. We follow the PSM
formulation in [15,21]:

A= -1329((D;/Dj —1)/(D3/Dj + 1)|(1 — Hp)/Dr (S1)
B=1+46.98(1— Hp)/Dg (S2)
Xo = 0.964(1 — Hp) /Dy (S3)

wherein D,, Dg and Dp are diameters of the two child branches and the parent branch
(evaluated in um), respectively. Hp is the discharge haematocrit of the parent branch.

With D,, Dz and Dp measured from the vascular geometry and Hp obtained from
the simulation (via an automated RBC-counting procedure), A, B, Xj can be calculated
individually for each bifurcation and the empirical curves are plotted as F'Qg versus
FQp. Equivalently, the simulation data are plotted in the form of Q7. versus @}, for
comparison with the empirical predictions.

To evaluate the potential effect of cell volume difference as proposed in [23] between
our RBC model (100 fl in volume) and realistic mouse RBCs (about 56.51 fl in volume),
empirical predictions with rescaled fitting parameters A’, B, X’ are also examined:

A'=—-10.99((D3/ D5 —1)/(D3/ D5 + 1)|(1 — Hp)/Dr (54)
B' =1+45.77(1 — Hp)/Dyp (S5)
Xy =0.797(1 — Hp) /Dy (S6)
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Fig. S5. Quantification of RBC flow in selected regions of interest (ROIs).
(a—c) Flow patterns detected within ROI-2, ROI-3 and ROI-4, respectively. The arrows
within the ROIs indicate the flow directions in individual vessel segments, and the back-
ground contour indicates the pressure field, with warmer colours (e.g. red) for higher
pressures. The divergent bifurcations within each ROI are marked with red circles and
the convergent confluences with black. (d—f) Combined cell trajectories in the ROIs
throughout RBC simulations lasting for 0.33 s each.
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Fig. S6. (a) Statistical test of time-average RBC flux for the lumenised vessels
in ROI-2, ROI-4 and ROI-3. Two-sided Mann—Whitney U test is performed.
The sample size is n = 18, 19, 16. (b) Relationship between RBC flux and
blood flow rate for vessels extracted from bifurcations in ROI-2, ROI-3 and
ROI-4 as in Fig. S5.
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Fig. S7. Evaluation of simulation data against empirical predictions by the
phase separation model [15]. Simulation data extracted from divergent bifurcations
in ROI-2 (see Fig. S5d) are plotted as fractional RBC flux @7, against fractional blood
flow @Q},.q- The simulation data are represented by squares/circles and the empirical
predictions by solid lines. In each bifurcation, the relatively larger child branch is termed
“L” and relatively smaller child branch termed “S”. The black dashed line represent a

linear hypothesis for Q. and @};,,, in the absence of plasma skimming.
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Fig. S8. Evaluation of simulation data against empirical predictions.. (a) Same
conventions as Fig. S7, except for ROI-3 (see Fig. S5e).(b) Same conventions as Fig. S7,
except for ROI-4 (see Fig. S5f).
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Table S5. Same conventions as Table S4, except that the phase separation
model here adopts revised parameters A, B’, X' based on [15]. A, B, X
account for the RBC volume difference (see Equations (S4)—(S6)).

ROI CB BOI-1 BOI-2 BOI-3 BOI-4 BOI-5 BOI-6 - -

2 L 093% 194% 2.38% 0.0% 0.0% 1.12% - -
2 S  0.8% 1.89% 0.0% 2.89% 1.7% 0.0% - -

ROI CB BOI-15 BOI-16 BOI-17 BOI-18 BOI-19 BOI-20 BOI-21 BOI-22

3 L 854% 1.16% 049% 1.64%  3.03% 1.3%  15.15%  2.07%
3 S 7.04% 00% 594%  0.0% 2.78% 0.0% 20.9%  0.04%

ROI CB BOI-7 BOI-8 BOI-9 BOI-10 BOI-11 BOI-12 BOI-13 BOI-14

4 L 2.3% 1.35%  2.55% 1.64%  0.0% 4.03% 0.15%  1.44%
4 S 254%  00%  6.54% 0.26%  0.0% 3.44%  2.35%  0.0%

S3 Asymmetry of velocity profile in RBC flow
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Fig. S9. Temporal velocity profile and flow pattern in the RBC flow. (a-d)
Velocity profiles over time at the red solid line labelled in Fig. 6d. (e-h) Corresponding
cross-sectional velocity contours at the same position. (a) and (e): t; = 0.042s. (b) and
(f): ¢t = 0.125s. (c) and (g): t3 = 0.208s. (d) and (h): t4 = 0.291s.
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S4 Supplementary movies

Movie S1. Simulated RBC flow in region of interest ROI-1 of the retinal vasculature.
Movie S2. Simulated RBC flow in region of interest ROI-2 of the retinal vasculature.
Movie S3. Simulated RBC flow in region of interest ROI-3 of the retinal vasculature.
Movie S4. Simulated RBC flow in region of interest ROI-4 of the retinal vasculature.
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