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1  |  INTRODUC TION

Shear stress is commonly implicated in angiogenesis, defined as the 
formation of new blood vessels from existing vessels. The role of 
shear stress as a regulator of endothelial cell dynamics during capil-
lary sprouting is supported by the influences on cell phenotype, pro-
liferation, and function.1,2 As altered angiogenesis is associated with 
multiple pathologies like diabetes, cancer, and myocardial infarc-
tion, understanding how shear stress might influence endothelial 

cell dynamics is important and could provide insight into what goes 
wrong in disease scenarios. In vitro experiments have suggested that 
shear stress triggers sprouting,3 cell proliferation,4 tube formation,5 
cell migration,6 and growth factor expression,7 and regulates vessel 
density,8 permeability,9 cell phenotype,10 and matrix production.11 
However, consideration of the literature provokes questions about 
the appropriate shear stress range and what values are actually 
experienced by endothelial cells in real angiogenic microvascular 
networks. Galie et al. used a microfluidic device to show that both 
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Abstract
Objective: Fluid shear stress is thought to be a regulator of endothelial cell behavior 
during angiogenesis. The link, however, requires an understanding of stress values at 
the capillary level in angiogenic microvascular networks. Critical questions remain. 
What are the stresses? Do capillaries experience similar stress magnitudes? Can vari-
ations explain vessel-specific behavior? The objective of this study was to estimate 
segment-specific shear stresses in angiogenic networks.
Methods: Images of angiogenic networks characterized by increased vascular density 
were obtained from rat mesenteric tissues stimulated by compound 48/80-induced 
mast cell degranulation. Vessels were identified by perfusion of a 40 kDa fixable dex-
tran prior to harvesting and immunolabeling for PECAM. Using a network flow-based 
segment model with physiologically relevant parameters, stresses were computed per 
vessel for regions across multiple networks.
Results: Stresses ranged from 0.003 to 2328.1 dyne/cm2 and varied dramatically at 
the capillary level. For all regions, the maximum segmental shear stresses were for 
capillary segments. Stresses along proximal capillaries branching from arteriole inlets 
were increased compared to stresses along capillaries in more distal regions.
Conclusions: The results highlight the variability of shear stresses along angiogenic 
capillaries and motivate new discussions on how endothelial cells may respond in vivo 
to segment-specific microenvironment during angiogenesis.
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luminal and transmural shear stress of 10–30 dyne/cm2 induce endo-
thelial cell sprouting.3 Song et al. showed using a similar microfluidic 
device that 3 dyne/cm2 mitigates endothelial cell migration, invasion, 
and proliferation.12 Compare these results to a study by Kang et al., 
which showed that shear stress of 3–5.3 dyne/cm2 stimulated sprout 
formation by cells cultured in three dimensions and that 12 dyne/
cm2 inhibited growth.13 Shear stress values used to study endothe-
lial cell responses range from 0.1 to 50 dyne/cm2.14–16 Even studies 
using 100 dyne/cm217 can be found. The range in shear stresses used 
for in vitro studies and the variable responses provoke additional 
questions about the physiological relevance of the assays. A con-
founding issue is that it is difficult to measure shear stress or vessel-
specific velocity gradients across angiogenic vessels during active 
network remodeling. While the role of shear stress is also supported 
by in vivo studies,2 the actual shear stress values experienced by 
endothelial cells along angiogenic capillaries are understudied.

Computational modeling offers a valuable approach to appreci-
ate potential shear stress values in microvascular networks. In a few 
examples from the literature, computational studies have estimated 
stresses in networks, although these have primarily focused on un-
stimulated or non-angiogenic networks. For example, Ganesan et al. 
modeled blood flow and shear stress distribution in mouse retina 
networks,18 and their results suggest that shear stresses along distal 
capillaries can range from 0.1 to 300 dyne/cm2. In several studies, 
Pries et al.19–24 used a network flow model to predict distributions 
of hematocrit, pressure, flow velocity, and shear stress in rat mesen-
teric networks to investigate vascular network resistance, vascular 
pressure-shear stress homeostasis, and adaptive vascular remodel-
ing and regression. Their collective studies in non-angiogenic net-
works suggest that segment-specific shear stress along capillaries 
can range from 0.1 to 500 dyne/cm2. Using a three-dimensional net-
work flow model, Balogh et al. simulated RBC and plasma flow in 
idealized rat spinotrapezius muscle capillary networks to evaluate 
and report shear stress (5–50 dyne/cm2) and its gradient distribution 
(0.1–12 [dyne/cm2]/μm) across the microvascular networks, among 
vessel types, and at bifurcations and mergers.25

Computational studies investigating wall shear stress values that 
can occur in angiogenic microvascular networks are extremely rare. 
Bernabeu et al.26 reported shear stress values in developing retinal 
networks up to 200 dyne/cm2, although the predicted distribution 
of average per-vessel shear stress values versus diameter across the 
networks was unclear. Work by Ghaffari et al. reported shear stress 
values in isolated microvascular loop structures of avian chick em-
bryos,27 with values around the loops reaching as high as a 1.4 dyne/
cm2. Such information in angiogenic vessels has, importantly, pro-
vided some examples of values that can occur, but full shear stress 
distributions across angiogenic networks, similar to those provided 
by studies in unstimulated or non-angiogenic networks, do not exist 
to our knowledge. This marks a major gap in current understand-
ing because angiogenic networks have distinctly different network 
structures and characteristics than non-angiogenic networks. Based 
on fluid mechanical considerations, one might thus expect different 
wall shear stress characteristics to exist, yet such direct comparisons 

are also lacking. Based on these considerations, knowledge of shear 
stress distributions unique to angiogenesis can provide a needed 
characterization of this important quantity known to influence en-
dothelial cell responses.

The variable shear stress values associated with in vitro studies, 
the understudied in vivo values, and the scarcity of computational 
models focused on angiogenic networks motivate the current study. 
What is the shear stress that endothelial cells in capillaries experience 
during angiogenesis? Are the shear stress magnitudes experienced 
by all capillaries similar? Could the segment-specific endothelial 
responses be dependent on variations in shear stress among capil-
laries? The objective of this study was to estimate segment-specific 
shear stresses in angiogenic networks and provide context by also 
comparing them with shear stresses in non-angiogenic networks in 
the same type of tissue.

Using geometric measurements in angiogenic networks from rat 
mesenteric tissues stimulated by compound 48/80-induced mast cell 
degranulation28 and physiologically relevant pressures, shear stress 
values were estimated per segment using a network flow-based 
model. Our results suggest that shear stresses are heterogeneous 
and can vary by orders of magnitude. The dramatic heterogeneity 
is further supported by complementary initial three-dimensional 
computational modeling and the incorporation of local RBC effects. 
Altogether, our findings should motivate new discussions among 
vascular biologists on the potential effects of shear stress during 
angiogenesis in vivo, and, in particular, the importance of spatial and 
temporal shear stress distributions associated with microvascular 
remodeling.

2  |  MATERIAL S AND METHODS

2.1  |  Angiogenic microvascular network analysis

Network images were obtained by re-imaging of angiogenic adult 
rat mesenteric tissues from a previous study.28 As described in the 
study by Sweat et al., angiogenesis was stimulated via i.p. injections 
of compound 48/80, a mast cell degranulator. Post-stimulation, 
perfusion of fixable 40 kDa FITC-dextran identified vessel lumens. 
Vessel segments were additionally confirmed by the labeling of en-
dothelial cells for PECAM (Figure 1). Mesenteric tissues were whole 
mounted and observed en face. The mesentery's thinness (20–
40 μm) enables imaging of intact networks at the vessel and cellu-
lar levels and eliminates the need for tissue sectioning. Angiogenic 
microvascular networks were characterized by increased segment 
density and sprouting28 compared to unstimulated microvascular 
networks. Representative microvascular network regions with ar-
teriolar inlet(s), venular outlet(s), and arteriolar-venular loop(s) were 
selected and captured using 4x (dry, NA = 0.1) and 10x (dry, NA = 0.3) 
objectives on an inverted microscope (Nikon Ti2) coupled with an 
ANDOR Zyla sCMOS camera, as shown in Figure 1: (1) One large re-
gion with 3200 segments (Figure 1a), (2) three medium regions with 
150 to 450 segments (Figure 1b), and (3) four small regions with 50 
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to 150 segments (Figure 1c–f). The rationale for region selection is 
supported by the overall goal of the study to appreciate potential 
shear stress values across different vessel types and representa-
tive network patterns associated with angiogenic remodeling. The 
smaller regions enabled the evaluation of stress distributions asso-
ciated with different high-density capillary patterns. A vessel seg-
ment was defined as a segment between two nodes, which were 
the branch points where more than two segments intersected. The 
measurements of lengths and diameters were facilitated from the 
images based on the centerline distance per segment and the av-
erage perpendicular distance between vessel walls defined by the 
dextran labeling.

The measurements of lengths and diameters were facilitated 
from the images based on the centerline distance per segment and 
the average perpendicular distance between vessel walls defined by 
the dextran labeling. Specifically, for image-based measurements, a 
microscopic image was opened in Image J set with the correct scale 

ratio according to the magnification of the image (4×: 0.613 pxl/μm, 
10×: 1.538 pxl/μm). The diameter of each segment was recorded using 
the ROI manager. Medium regions were zoomed in three times, and 
the large regions were zoomed in five times. Each segment was then 
visually inspected, and the diameter was measured as the line distance 
perpendicular to the wall over a cross-section that best represented 
the vessel. Each measurement was added to the ROI manager. In total, 
eight regions were analyzed from three tissues. We note that for the 
medium regions presented later in Figure 5, any apparent differences 
in diameters between the two color maps for each respective network 
are likely due to visual artifacts arising from the same vessels being 
represented by different colors. In order to evaluate the estimated 
shear stress in vascular networks on angiogenic tissues, a comparison 
was made using a two-tailed Student's t-test between two experimen-
tal groups: unstimulated (control) and stimulated tissues. Results were 
considered statistically significant when p ≤ .05. Values are presented 
as mean ± standard error of the mean (SEM).

F I G U R E  1 Representative images of angiogenic rat mesentery tissues with clearly identifiable vascular networks. Mesentery tissues were 
harvested from adult Wistar rats treated with 48/80 to induce mast cell degranulation and angiogenesis. Prior to tissue harvesting, networks 
were perfused with a fixable 40 kDa Dextran (Green) to show vessel patency. Post-harvesting, tissues were labeled for PECAM (Red). (a) & 
(b) Vascular networks with were selected based on identifiable arteriole inlet(s) (labeled with A), venule outlet(s) (labeled with V), capillaries 
(labeled with C), and arteriole-capillary-venule loops. (c–f) Additional smaller vascular regions for evaluation of stress distributions associated 
with different high density capillary patterns. The blue line marked the selected vascular network regions for computational modeling. Scale 
bar: (a) 400 μm (b) 200 μm (c–f) 100 μm.
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2.2  |  Network segment model overview

As shown in Figure 2, a network segmental flow model was used 
to computationally estimate segment-specific shear stresses, similar 
to previous studies.23,29 Input geometry data included the adjacent 
nodes (branch points), diameters, lengths, and branch orders of vas-
cular segments. Blood flow was determined per segment following 
the Poiseuille flow relationship for two cases: constant viscosity 
(μ = 4 cP) and changing segmental viscosities based on an empirical 
relationship previously established for the rat mesenteric microcir-
culation.22 For the changing viscosity cases, the apparent viscos-
ity of blood in vessel segments was initially set to be 4 cP and then 
updated based on the empirical relationship, which is dependent on 
segment diameters, segmental hematocrit, and velocity.29 The he-
matocrit for all segments was initially set to be 0.45. Based on the 
empirical equations, segment-specific hematocrits were calculated 
with the diameters of daughter segments, the hematocrits and seg-
mental flow of daughter and parent segments, and the fraction of 
red blood cell flow. The updated hematocrits were then used to cal-
culate segment-specific viscosity (μ). With the updated segmental 

viscosity, the nodal pressures and flow rates were recalculated using 
Equation  2 in an iterative fashion. The segmental shear stresses 
were also updated. For both cases, Equation 1 was used to calculate 
the conductance of each segment29:

The pressures of the arteriolar inlet(s) and venular outlet(s) were set 
to be 75 and 10 mm Hg. For the smaller microvascular regions shown 
in Figure 1c–f, which had many inlets and outlets, the pressures were 
assigned based on a previously reported pressure-diameter correla-
tion.20 With assigned pressures (P) and segmental conductances (C), 
the nodal flow rates (Q) and other nodal pressures can be calculated 
by using the matrix equation derived from the conservation of mass 
(Equation 2):

To be more specific, the nodal flow rates and pressures were calculated 
from the first node to the last node, updating new values into the ma-
trices. Using the updated matrices, the nodal flow rates and pressures 
can be recalculated since the matrices have more values. Following this 
logic, the model was designed to check the segmental pressure differ-
ence between the updated pressure matrix and the previous iteration. 
The threshold for the loop iteration to stop was meeting the conver-
sion requirement, defined as a total segmental pressure difference less 
than 10−3 mm Hg. With the updated nodal pressure and flow rates, the 
segmental shear stresses (τ) can be calculated by using the following 
equation (Equation 3):

For the changing viscosity cases, the apparent viscosity of blood in 
vessel segments was initially set to be 4 cP and then updated based on 
the empirical relationship, which is dependent on segment diameters, 
segmental hematocrit, and velocity as per the following in vivo viscos-
ity law from Pries et al.19:

where estimated viscosity (�∗), hematocrit 
(
HD

)
 and � were calcu-

lated based on equations described elsewhere.19 Further, the cal-
culation of HD in each segment incorporates a phase separation 
model also described elsewhere,30 to account for the non-uniform 
partitioning of RBCs at bifurcations. The hematocrit for all seg-
ments was initially set to be 0.45. The segment-specific hemato-
crits (�c) were calculated with the diameters of daughter segments, 
the hematocrits and segmental flow of daughter and parent seg-
ments, and the fraction of red blood cell flow. The updated he-
matocrits were then used to calculate segment-specific viscosity 
(μ). With the updated segmental viscosity, the nodal pressures and 
flow rates were recalculated using Equation 2 in an iterative fash-
ion. The segmental shear stresses were also updated.

(1)C =
�D4

128 �L

(2)Q = CP

(3)τ =
||||

D ∙ ΔP

4 L

||||

(4)�c =

{

1 + (�∗ − 1)

(
1−HD

)�
− 1

(1−0.45)� − 1

(
D

D−1.1

)2
}(

D

D−1.1

)2

F I G U R E  2 Overview of modeling approach used to simulate 
vascular network. The computational model was simulating 
network flow with physiologically relevant geometric data (adjacent 
nodes, lengths, and diameters of vascular segments) measured from 
real rat mesentery tissues. The inlet and outlet pressures were set 
to be 75 and 10 mm Hg. By assuming a constant plasma viscosity 
of 4 cP or computed segment-specific viscosity, the segment 
conductance, nodal pressure, and flow as well as shear stress were 
further calculated by using the equations a loop iteration.
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2.3  |  Three-dimensional model overview

The rationale for using the network modeling approach is supported 
by its previous use in the literature to estimate segmental hemo-
dynamics in large microvascular networks. However, limitations 
of this approach include the lack of red blood cells (RBCs) and not 
including three-dimensional vessel shapes (i.e., tortuosity, segment 
paths). In order to evaluate the potential impact of these limita-
tions and the assumptions related to the viscosity cases, additional 
three-dimensional RBC-resolved simulations were performed. While 
such simulations provide higher-resolution output, they require a 
significant increase in computational cost. Given that the focus of 
the current work is on the estimation of segmental shear stresses 
and heterogeneity, the application of the 3D model is limited here 
to a small angiogenic network region. The purpose is to provide a 
generalized corroboration of findings using the network model as 
discussed later, and the analysis is simply meant to highlight the po-
tential for additional angiogenic heterogeneity.

RBC-resolved simulations were performed using an immersed 
boundary method (IBM)-based 3D fluid dynamics solver for mod-
eling flows in complex geometries.31 With this approach, an RBC is 
modeled as a 3D sac of viscous fluid enclosed by a zero-thickness 
elastic membrane. The initial undeformed RBC shape is taken as 
a biconcave disc. The membrane is represented by a Langrangian 
mesh of triangular elements that deforms as it flows with the fluid 
(plasma) in which the cell is immersed. RBC deformation is two-
way coupled to the surrounding fluid using a continuous forcing-
type IBM, where a delta function connects a cell mechanics model 
solved on the Lagrangian mesh to a fluid dynamics solver on a fixed 
Eulerian mesh. The membrane stresses in response to cell defor-
mation are calculated using the finite element method, with loop 
elements used as a subdivision surface for the force calculations. 
The membrane model accounts for elasticity32 as well as bending 
resistance, which are controlled through the membrane shear elas-
tic modulus (Gs) and bending modulus (Eb), respectively. Here we 
use Gs = 5 × 10

−6
N∕m and Eb = 2 × 10

−19
J, which correspond to 

values for healthy RBCs.32,33

The governing fluid flow equations are the Navier–Stokes equa-
tions for a constant density (�) variable viscosity (�) fluid:

These equations are solved for the fluid velocity (u) and pressure 
(P ) on the fixed Eulerian mesh with a projection method using a fi-
nite volume/spectral approach, where the body force term F incor-
porates stresses from the deformable cell model. Complex vascular 
walls are modeled with a sharp-interface ghost node IBM, which 
decomposes the Eulerian computational domain into a fluid domain 
inside the vessels and a solid domain outside. The interface condi-
tions at the walls are enforced when solving Equation 5 via contains 
imposed at the Eulerian mesh points immediately outside the fluid 
domain. Wall shear stress is calculated following the approach out-
lined in our previous work.25

3  |  RESULTS

3.1  |  Shear stress magnitudes show high 
heterogeneity at the capillary level and depend on 
location within a network

To evaluate vessel-specific average shear stress values at the cap-
illary level in angiogenic networks, three representative microvas-
cular regions were selected. The networks contained 150 to 450 
segments, arteriolar inlets, venular outlets, and an arteriolar-venular 
loop (Figure 3a–c). Shear stresses along vascular segments in three 
microvascular regions denoted as “medium regions” for this study 
ranged from 0.1 to 1114.3 dyne/cm2 (average = 81.3 ± 3.5 dyne/cm2; 
Figure 3d). We note the potential for this average value among all 
vessels to be altered by different weightings (e.g., vessel length, 
area, etc.). However, the focus of this work is on the distribution 
or range of values, and thus this average value is just provided as a 
point of reference when considering the range. Increased segmen-
tal heterogeneity was more pronounced at the capillary level (ves-
sels less than 10 μm) versus along vessels with larger diameters. The 
visualization of a shear stress color map per region for which values 
were binned from 0 to greater than 50 dyne/cm2 emphasizes the 
vessel-specific heterogeneity within the same network (Figure 3e). 
In addition, the shear stresses experienced show systematic varia-
tions with the location of capillaries in the network (i.e., capillaries 
branching off the higher pressure arteriole inlets versus more dis-
tal capillaries closer to the venule side of a network). The average 
and maximum shear stress values in capillaries more proximal to the 
arteriolar inlets were significantly higher than those distal to both 
inlets and outlets (Figure 3f).

Potential limitations of our modeling approach are assumptions 
about inlet/outlet pressures and constant viscosity. In order to eval-
uate the influence of pressure values imposed as boundary condi-
tions, an additional sensitivity analysis was conducted (Figure  5a). 
The inlet pressure was changed to consider three total pressure drop 
cases: 95 mmHg, 65 mmHg, and 35 mmHg. While the nominal values 
do change, the order of magnitude range in shear stress distribution 
was found to be independent of pressure drop assumptions. This 
result makes sense, as shear stress values changed linearly, increas-
ing or decreasing with the same distribution pattern (Figure 4). The 
linear relationship is represented by the equation used to calculate 
shear stress in the model (τ = |||

D ∙ Δ P

4L

|||
). Regarding the viscosity as-

sumptions, we compared the constant viscosity simulation results 
to the case that simulated blood flow as non-Newtonian flow with 
viscosities and hematocrits dependent on the segment geometry 
and network hemodynamics (Figure 4B). The trend and distribution 
pattern were similar between the two assumptions.

The identification of heterogeneous shear stress distribution in 
the angiogenic network regions and, moreover, the suggestion of 
order of magnitude differences for capillaries within a network mo-
tivated additional studies to determine whether the heterogeneity 
was characteristic of different capillary plexus regions. Four local 
microvascular regions with 60 to 150 segments were selected for 

(5)�
Du

dt
= − ∇P + ∇ ∙

[
�

(
∇u + ∇uT

)]
+ F

 15498719, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

icc.12830 by N
j Institute O

f Technology, W
iley O

nline Library on [03/06/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



6 of 14  |     HU et al.

F I G U R E  3 Shear stress estimates for single vascular segments in three vascular regions. (a–c) Network regions used for simulations. 
Vessel walls labeled with PECAM were shown in red and vessels perfused with 40 kDa Dextran were shown in green. (d) Distribution of 
shear stress values per segment diameter. Stress values in small segments (diameter: <10 μm) range from 0.1 to 1114 dyne/cm2. with the 
standard deviation of 103 dyne/cm2. (e) Color map of shear stress spatial distribution. Range = 0 (blue) to >50 (red) dyne/cm2. (f) Comparisons 
across capillary segments proximal and distal to arteriolar inlet vessel. Labels: A, arteriole, V, venule, C, capillaries. The blue line marks the 
selected vascular network regions for computational modeling. Scale bar: (a–c) & (e) 200 μm. The asterisk indicates a p-value less than 0.05.

 15498719, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

icc.12830 by N
j Institute O

f Technology, W
iley O

nline Library on [03/06/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



    |  7 of 14HU et al.

simulations (Figure  5A–D). The regions were selected to represent 
different characteristic regions within a network (i.e., high vessel 
density, branching off a larger venule, and capillary diameter). Results 
were also represented by shear stress color maps with two ranges: 
(1) 0 to >200 dyne/cm2 (Figure 5E–H) and (2) 0 to >50 dyne/cm2 (Fig-
ure 5I–L). The shear stress data used for each respective network is 
the same between the two color maps (e.g., Figure 5E has the same 
shear stress data as Figure 5I), and is presented in this manner to help 
visualize the vessel-specific variability and facilitate comparisons. For 
example, in comparing Figure 5E–I, or Figure 5F–J, the distribution 
of colors appears more scattered or non-uniform for the high-range 
color map (Figure 5E or Figure 5F), which provides a qualitative rep-
resentation of the scale of the shear stress variability. Variations are 
also observed for the smaller range color map (Figure 5I or Figure 5J), 
although to a much lesser degree. These observations contrast with 
the respective behaviors in comparing Figure  5g,H or Figure  5H,l, 
where the higher variability manifests for the smaller-range color 
map (Figure 5K or Figure 5L). Altogether, these figures provide qual-
itative examples of different shear stress heterogeneity characteris-
tics predicted for the networks. Since selected local regions capture 
multiple inlets and outlets, boundary pressures were assigned based 
on the relationship between estimated segmental pressures and 
diameters reported by Pries et al.20 (Figure  5M). The shear stress 
distribution in four small regions ranged from 0.1 to 518.7 dyne/
cm2 (average = 61 ± 3.4 dyne/cm2; Figure 5N). Similar spatial hetero-
geneity was also characteristic of an additional larger angiogenic 
microvascular region (3200 segments; 0.003 to 2328.1 dyne/cm2; 
average = 39.8 ± 1.6 dyne/cm2; Figure 6.)

3.2  |  Angiogenic microvascular networks display 
increased average shear stress and heterogeneity 
compared to unstimulated networks

To evaluate whether vessels in remodeled microvascular networks 
post-angiogenic stimuli experience elevated shear stresses com-
pared to vessels in unstimulated networks, shear stresses were 
compared across regions from both types of networks. Four un-
stimulated regions were compared to the three analyzed regions. 
Angiogenic remodeling was confirmed by an increase in the num-
ber of segments per region area and the total segment length per 
region area (Figure 7a–d). The average shear stress in the unstimu-
lated regions was lower than that in the angiogenic regions (unstim-
ulated = 20.5 ± 2.16 dyne/cm2; angiogenic = 81.3 ± 3.5 dyne/cm2; 
p < .05; Figure 7e).

3.3  |  Three-dimensional simulation with RBCs also 
predicts vessel-specific shear stress heterogeneity

While the rationale for using the network modeling approach is 
supported by both its previous use in the literature and our overall 
goal to estimate vessel-specific shear stress ranges across intact 
microvascular regions, the lack of RBCs and three-dimensional 
geometric complexity raise questions about the physiological ap-
plicability of the approach. However, vessel-specific average wall 
shear stresses estimated with 3D RBC-resolved simulations im-
portantly suggest a similar spatial heterogeneity (Figure 8). Here, 

F I G U R E  4 Shear stress estimates for a network with different pressure inputs and vessel specific viscosities. A sensitivity analysis was 
done with the parameters of (1) pressure drops between the arteriole inlet and venule outlet and (2) the constant or segment-specific 
viscosity (A) Estimates for simulations with pressures drops equal to 35, 65, and 95 mmHg. (B) Comparison of simulations assuming constant 
viscosity and changing viscosity based on an empirical relationship dependent on vessel diameter and hematocrit.
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due to the increased resolution, the concept of heterogeneity is 
further emphasized by (1) shear stress changes along complex sur-
faces of a vessel segment and (2) RBC-influenced time-dependent 
shear stress magnitudes and characteristics within individual 

vessels. For example, these representative simulations show shear 
stress spatial variations within a vessel can span on the order of 
100 dyne/cm2 at certain times and can fluctuate over time by as 
much as 350 dyne/cm2. Yet, while the increased model resolution 

F I G U R E  5 Shear stress estimates for single vascular segments in four vascular local regions. (A–D) Network local regions with complex 
vascular structures selected for simulations. Vessel walls labeled with PECAM were shown in red and vessels perfused with 40 kDa Dextran 
were shown in green. (E–H) Color maps of shear stress spatial distribution. Range = 0 (blue) to >200 (red) dyne/cm2. (I–L) Color maps of shear 
stress spatial distribution. Range = 0 (blue) to >50 (red) dyne/cm2. It is noted that the shear stress data used in (E)–(H) is the same as that 
used in (I–J), and the geometrical details of the networks (e.g., diameters) are the same between the two rows, respectively. Any apparent 
differences are likely due to visual artifacts arising from the same vessels being represented by different colors. (M) Illustration of assigning 
boundary pressures to vascular local regions (N) Distribution of shear stress values per segment diameter. Stress values in small segments 
(diameter: <10 μm) range from 0.1 to 518 dyne/cm2.
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provides additional details, the degree of heterogeneity on a time-
averaged per-vessel basis is similar to that predicted by the net-
work approach.

To provide a comparison of predictions by the two different 
modeling approaches, the region in Figure  8 was also simulated 
using the network segment model. Shear stress statistics across 

F I G U R E  6 Shear stress estimates for single vascular segments in a vascular region montage. (a) Network region montage with angiogenic 
patterns selected for simulations. Vessel walls labeled with PECAM were shown in red and vessels perfused with 40 kDa Dextran were 
shown in green. (b) Distribution of shear stress values per segment diameter. Stress values in small segments (diameter: <10 μm) range 
from 0.1 to 2328 dyne/cm2. Labels: A, arteriole, V, venule, C, capillaries. The blue line marks the selected vascular network regions for 
computational modeling.

F I G U R E  7 Shear stress estimates for 
single vascular segments in unstimulated 
vascular regions. Representative images 
of network regions (a) unstimulated 
and (b) stimulated with 48–80 mast cell 
degranulation selected for simulations. 
Analysis was conducted to compare 
different metrics between unstimulated 
and stimulated vascular regions: (c) 
Segment density calculated by number of 
segments divided by vascular region area. 
(d) Segment length per area. (e) Estimated 
shear stress values, ranging from 0.1 to 
528 dyne/cm2 and 0.1 to 1114.3 dyne/cm2 
for unstimulated and stimulated regions. 
(Stimulated regions: n = 3, Unstimulated 
regions: n = 4) Labels: A, arteriole, V, 
venule, C, capillaries. The blue line marks 
the selected vascular network regions for 
computational modeling.
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all network vessels for average, minimum, maximum, and standard 
deviation were 19.4 dyne/cm2, 0.8 dyne/cm2, 57.9 dyne/cm2, and 
12.1 dyne/cm2 for the 3D model, and 18.1 dyne/cm2, 0.02 dyne/cm2, 
61.0 dyne/cm2, and 13.5 dyne/cm2 for the network model. Overall, 
the general character of the shear stress distributions was similar, 
including the presence of vessel-specific heterogeneity. However, in 
comparing the two, it is important to consider that the vessel di-
ameters used in the 3D model were generally not constant along 
the length, especially in connecting regions where morphologies are 
complex and 3D. Further, due to the small diameters and resulting 
RBC-scale effects and interactions with the geometry, the hemody-
namic representation is fundamentally different.

4  |  DISCUSSION

The main contribution of this study is the estimation of average 
shear stress values along microvessel segments in angiogenic net-
works. The range, vessel-specific heterogeneity, suggestion that 
vessel location is associated with a network, and effect of network 
patterns motivate new discussions regarding the actual shear stress 
values felt by endothelial cells and their association with angiogenic 
endothelial cell behavior. While many studies have established 
clear connections between wall shear stress and endothelial cell re-
sponses, our data and findings suggest that there are still a lot of 
open questions as to the actual microenvironment experienced by 
endothelial cells during angiogenesis. For example, what wall shear 
stresses are really experienced during angiogenesis? Just because in 

vitro studies have shown endothelial cells to respond to certain shear 
stress values, does this mean they experience such values in vivo? 
And because there is a significant range of in vitro values reported, 
how is one to know what might occur in a real angiogenic network? 
Based on the current literature, clear answers to such questions are 
lacking. The current study provides important direct estimates of 
shear stress values, variability, and distribution based on real angio-
genic microvascular networks in the rat mesentery, in addition to 
comparisons with behavior in unstimulated networks from the same 
type of tissue, which show notable differences (Figure 7).

To understand what shear stress values were being associated 
with endothelial cell dynamics in the literature, we searched for “an-
giogenesis", "shear stress", and "endothelial cells” using PubMed and 
identified for approximately 100 studies the maximum shear stress 
used; most studies were in vitro. Interestingly, some studies stimu-
lated cells with stresses as high as 100 dyne/cm2, but greater than 
90% of the studies used stresses less than 30 dyne/cm2. Maybe more 
interestingly, about an equal amount of those studies used shear 
stresses distributed over the 0–30 dyne/cm2 range (<10, 10–20, or 
>30 dyne/cm2). The differential responses reported over the range 
of shear stresses and our findings emphasize the physiological impor-
tance of understanding how shear stresses vary from one vessel to 
another in a remodeling microvascular network and the implications 
of some local shear stresses being in excess of 1000 dyne/cm2.

The heterogeneity of hemodynamic variables in the microcircu-
lation has long been recognized21,34 and has significant functional 
implications, for instance with regard to oxygen transport.35 Such 
heterogeneity is inevitable as a consequence of known geometrical 

F I G U R E  8 Wall shear stress estimates 
for vascular segments using a 3D model 
with RBCs. (A) Color map of shear stress 
spatial distribution. Range = 0 (blue) 
to 50 (red) dyne/cm2. (B) A zoomed in 
view of color map of shear stress spatial 
distribution with RBCs illustrated. (C–
D) Time-lapse shear stress estimates 
(Maximum, minimum, and average, with 
standard deviation shaded in grey) for two 
single vascular segments. (E) Snapshot of 
RBCs in the simulated angiogenic network 
region. (F) Distribution of time-averaged 
shear stress values per segment diameter. 
Stress values in small segments (diameter: 
<10 μm) range from 0.1 to 58 dyne/cm2.
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and developmental constraints on network structure, and compen-
satory mechanisms (structural adaptation and acute flow regulation) 
are needed to achieve adequate uniformity of perfusion through-
out a tissue despite the underlying heterogeneity.36 Responses to 
changes in wall shear stress are a key part of these compensatory 
mechanisms.37,38 The present findings emphasize the significance of 
heterogeneity as a factor in the control of microvascular blood flow 
and suggest that investigations of the effects of wall shear stress on 
endothelial cells should examine wider stress ranges than have gen-
erally been considered in previous studies. Further, our results pro-
voke the need to understand how the heterogeneous shear stresses 
might influence the roles of the other micro-environmental factors 
known to be involved in angiogenesis.

Our results also provide an example of the value of computa-
tional modeling approaches for making sense of microvascular phys-
iology. While shear stresses can be estimated based on intravital 
measurements of local segmental velocities, the technical effort 
required to measure velocities in hundreds or thousands of vessels 
makes the approach a challenge. Compared to previous modeling 
studies, the current study offers shear stress estimates with intact 
angiogenic rat mesenteric networks, characterized by increased ves-
sel density, sprouting, and apparent new segments from arterioles, 
venules, and capillaries. Our results, and specifically the segmental 
shear stress heterogeneity, are consistent with the reported shear 
stress estimates for unstimulated rat mesenteric networks using a 
similar modeling approach.22 Our finding that shear stresses are in-
creased in angiogenic versus unstimulated networks (Figure 7) along 
with the comparison of proximal versus distal vessels (Figure 3) fur-
ther implicate the importance of angiogenic network patterns and 
vessel location. Increased shear stress along proximal capillaries 
compared to more distal regions is intuitive and provides a level of 
verification of the model. Further, this finding emphasizes the poten-
tial for specific network locations to be hot spots and highlights how, 
in a network, not every capillary is the same. The importance of ves-
sel pattern is also realized when comparing our study to a computa-
tional study by Bernabeu et al. in which the authors reported lower 
shear stress variability at the capillary level in retinal networks.26 Im-
portant notes are that capillaries in a retinal network predominately 
exist on the periphery of the network (i.e., after multiple branching 
from the arteriole side), and these capillaries likely experience differ-
ent flow characteristics. Thus, the distribution of shear stresses can 
vary depending on network patterning, and the combined results of 
our study and the study by Bernabeu et al. motivate the evaluation 
of shear stresses for different tissues.

To our knowledge, no studies to-date have quantified distributions 
of average vessel wall shear stress values across angiogenic microvas-
cular networks based on diameter and importantly, with comparisons 
to non-angiogenic networks from the same type of tissue. Distinguish-
ing between angiogenic and non-angiogenic networks is important 
because microvascular network structures are known to be distinctly 
different. In the literature, many studies have reported shear stress 
values for non-angiogenic networks, including the aforementioned 
studies by Pries et al. from the rat mesentery19–24 (0.1–500 dyne/cm2 

reported), work by Ganesan et. al. in murine retinal microvasculatures 
(0.1–300 dyne/cm2 reported), and work by Frame and Sarelius39 in 
cremaster muscle networks in hamsters (10–30 dyne/cm2), to name 
a few. Such studies did report shear stress heterogeneity among ves-
sels, with the most significant variations occurring in capillaries with 
diameters generally less than 10 μm. The latter of these studies39 in-
volved vessels with diameters greater than 10 μm, which is a possible 
reason for the reduced variability compared to the others. Neverthe-
less, the wall shear stress values and trends reported by such works 
are important to provide context for the current work in angiogenic 
microvascular networks and motivate the major questions addressed 
concerning the stress values and distributions that can occur across 
real angiogenic microvasculatures with comparison to behavior in un-
stimulated networks. For the current work, the increase observed in 
average shear stress in the angiogenic networks as compared to the 
non-angiogenic networks might, in part, be due to the same boundary 
conditions being applied to both scenarios. For the angiogenic net-
works, there are generally more flow paths due to increased vessel 
density, leading to less resistance and more flow. The exact causes 
of the shear stress increase, however, are difficult to discern without 
knowing the real local pressures and flows. Our results show that pat-
tern differences in network structures could cause shear stress differ-
ences; however, future studies informed by such measurements are 
needed to determine more precise influences of network patterning 
unique to angiogenic structures.

As previously noted, existing studies involving wall shear stress 
predictions in angiogenic microvascular networks are extremely 
rare. The work by Bernabeou et al.26 showed shear stress contours 
on vessels across developing retinal networks, with values shown 
up to 200 dyne/cm2, although the average per-vessel values in re-
lation to diameter were not directly reported. They also deemed 
values greater than 200 dyne/cm2 as unphysiological because prior 
works cited (in unstimulated, non-angiogenic networks) did not re-
port values this high. This further prompts the question, specifically 
with regard to angiogenesis, of what is physiological? Other work 
by Ghaffari et al.40 predicted much lower shear stress values (up to 
2 dyne/cm2) in isolated microvascular loop structures in avian chick 
embryos. Given the scarcity of studies reporting shear stress val-
ues in real angiogenic microvasculatures, the findings reported here 
push an important scientific discussion. Notably, given the number 
of in vitro studies that implicate shear stress as a regulator of en-
dothelial cell dynamics, our results emphasize the need for careful 
consideration of the shear stress stimuli values. For example, do 
differences in response to 5 dyne/cm2 versus 10 dyne/cm2 matter 
if the stresses range in a real network over an order of magnitude? 
And further, how do such ranges vary among different tissue types, 
organs, etc.? Such considerations, in conjunction with the current 
findings, warrant new discussions on the shear stress behaviors 
that actually occur during angiogenesis in vivo.

With regard to the interpretation of the current model results, 
an important consideration is the accuracy with which the networks 
were reconstructed from the imaging. More specifically, the mea-
surements of vessel diameters for those less than roughly 5 μm may 
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be subject to some degree of uncertainty given the small size and 
the optical resolution of the imaging. We note, however, that a main 
contribution of this work is the reported shear stress range and that 
this heterogeneity is consistent across our various networks with 
different diameters. Thus, the impact of the diameter measure-
ments on our conclusions is expected to be small since the findings 
support a more dominant influence of network patterning than po-
tential changes to vessel diameter due to measurement resolution. 
To test this, we performed several additional simulations in which 
capillary diameters less than 10 μm were altered in order to probe 
the sensitivity of our conclusions to diameter values in this range. 
Specifically, we adjusted these capillaries such that (i) each diameter 
was increased by 10%, (ii) each diameter was decreased by 10%, (iii) 
all capillaries have 10 μm diameters, and (iv) all capillaries have 5 μm 
diameters. For the baseline case, we observed a relative standard 
deviation of shear stress values (standard deviation divided by the 
mean) across all data points of 1.17, while values of 1.13, 1.13, 1.23, 
and 1.45 were observed for cases (i–iv), respectively. While the pre-
dicted wall shear stress values changed for the same vessels, the 
range of values and heterogeneity across the network were of sim-
ilar magnitude. Full distributions of wall shear stress for each case 
are provided in the Data S1. This supports the impact of network 
patterning rather than changes to capillary diameters due to mea-
surement resolution.

Assumptions related to inlet/outlet pressure boundary con-
ditions, viscosity, and the lack of consideration for RBCs or vessel 
tortuosity warrant discussion. Regarding the pressure boundary 
conditions, we do not know the physiologically appropriate pres-
sures for our angiogenic networks and used values consistent with 
previous studies.20,22 We note that, given our 48/80 angiogenic 
stimulus and that prior work has shown this can induce hypotension 
in rats,41 the potential for altered pressures at boundaries exists in 
such stimulated tissue. To address this, we ran simulations with dif-
ferent pressure boundary conditions (35, 65, 95 mm Hg). The range 
of shear stresses observed for the three cases was all very similar 
(Figure 4a) suggesting that the altered pressure differences are not 
sufficient to offset the shear stress distribution. Further, the sensi-
tivity analysis (Figure 5) suggests that the main findings of spatial 
shear stress heterogeneity and variation across orders of magnitude 
are consistent with altered pressure conditions. So, while the actual 
shear stress values remain uncertain, we speculate that our results 
suggest a potential physiologically relevant range for the angiogenic 
tissues modeled here. These observations are not meant to suggest 
that the shear stress distribution is unaffected by driving pressures, 
but rather that these different conditions do not fundamentally alter 
the general character of the heterogeneity. Although beyond the 
current scope, a more in-depth sensitivity study is likely warranted 
to reveal specific mechanisms or causes for the higher shear stress 
values reported here versus prior works and to explore model limita-
tions versus what actually occurs in vivo.

Regarding viscosity, our simulations assume a constant viscosity 
(4 cp). Allowing viscosity to change per segment dependent on em-
pirically derived relationships between segmental flows, diameters, 

and hematocrit also did not alter the study's main findings (Figure 5). 
And because shear stress is proportional to segment diameter, pres-
sure drop, and length, the constant viscosity value does not matter. 
Finally, physiological flows are not single-phase through segmental 
networks. The associated limitation of our modeling approach mo-
tivates future work to apply more complicated three-dimensional 
dynamic models that incorporate RBCs and 3D surface complexity, 
similar to our previous work.25 A major benefit of the network seg-
mental model approach, however, is the decreased computational 
cost compared to high-resolution 3D models. So, while more compli-
cated dynamic models could potentially provide more physiologically 
relevant information, a critical question remains. What can we learn 
with our simpler approach? Based on an initial application of our 3D 
simulation approach for a “small” region (Figure 8), our network seg-
mental analysis is sufficient to generally predict time-averaged shear 
stress spatial heterogeneity on a per-vessel basis. The results of the 
3D simulation additionally emphasize the potential for temporal and 
spatial variations along specific segments and the impacts of RBCs.

Another potential limitation of our study is the use of rat mes-
entery tissues. As mentioned above, future studies will be needed to 
evaluate shear stresses in angiogenic networks from other tissues. 
The rat mesentery was used for this study because it is 20–40 μm 
thick, and its thinness makes it relatively easy to image with a standard 
epifluorescent microscope. Also, the mesentery provides branched 
microvascular networks and has been previously used for computa-
tional estimation of vessel specific hemodynamics.22,42,43 Also, the 
48–80 angiogenesis stimulation, which has been well characterized 
by our group and others,28,44 results in robust angiogenic remolding 
across the hierarchy of networks. Future studies are also needed to 
evaluate shear stress distributions for alternative remodeling stimuli.

5  |  PERSPEC TIVES

The results of our current study suggest that shear stress magnitudes 
along microvessels in angiogenically remodeled networks vary over 
a wide range. An appreciation of this potential variation from one 
vessel to another adds a valuable perspective for understanding how 
local shear stresses trigger or regulate endothelial cell dynamics in-
volved in capillary sprouting. The potential for heterogeneous local 
shear stress distributions is realized even more when we consider the 
influences of vessel shape and the flow of RBCs. The results motivate 
future studies that incorporate capillary sprout dynamics, including 
initial sprout formation, sprout extension, and sprout connection. 
Understanding the local shear stresses over the spatial and temporal 
time course of angiogenesis will further guide our understanding of 
the role of shear stress in regulating endothelial cell behavior.
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