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Abstract. Circulating tumor cells (CTCs) interact with the vascular
endothelium under hemodynamic forces that influence where metastatic
seeding occurs. Wall shear stress (WSS) has been shown to regulate ad-
hesive signaling, yet its mechanistic role in shaping spatial patterns of
CTC arrest within complex vascular networks remains poorly under-
stood. In this work, we present a three dimensional multiscale simula-
tion framework that couples tissue scale blood flow with receptor ligand
adhesive dynamics whose kinetics depend on local WSS. We evaluate
three modes of WSS regulation, including modulation by WSS magni-
tude, modulation by the local spatial gradient of WSS, and modula-
tion by peak upstream WSS gradient within a region of influence. Using
physiologically realistic vessel geometries and flow conditions, we track
thousands of CTCs across tissue scale vascular networks using a high
throughput adaptive refinement strategy executed on the Aurora super-
computer. Across a curved microvessel and a reconstructed bioprinted
double bifurcation network, WSS magnitude dependent adhesion pro-
duces strong spatial biases in CTC arrest. In the bioprinted network,
inclusion of WSS regulated adhesion leads to a thirty one fold increase
in active receptor engagement in the lower entry fork compared to a
non WSS modulated baseline, consistent with experimentally observed
regional enrichment. These results demonstrate that local WSS profiles
act as a physical driver of preferential CTC attachment and motivate
inclusion of shear regulated adhesion in predictive models of metastatic
transport.

Keywords: Metastasis · Wall shear stress · Multiscale modeling · Ad-
hesive dynamics.

1 Introduction

Predicting where circulating tumor cells (CTCs) arrest and adhere within the
vascular system requires a mechanistic understanding of how hemodynamic
forces and adhesive signaling interact during transport. Metastasis remains the
primary cause of cancer related mortality worldwide [1], with strong correlations
between the cancer subtype and the preferred metastatic site, such as prostate
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Fig. 1. Overview of the experimental pipeline for in silico tracking of circulating tumor
cells in a tissue-scale vascular network. The bioprinted vasculature from Hynes et al.
[17] is converted to a computational mesh that is supplied to the multi-scale physics
solver, HARVEY [32]. High-resolution windows are used to track the trajectories of
thousands of adhesive circulating tumor cells in parallel. Each tumor cell undergoes wall
shear stress-modulated adhesive interactions with receptor-lined endothelium. These
large-scale simulations are conducted on the Aurora supercomputer (Argonne National
Laboratory). HARVEY generates the cell attachment maps that inform metastatic
preferences of circulating tumor cells.

cancer to bone, pancreatic cancer to liver, and breast cancer to brain or lungs [13,
6, 12, 15]. Two complementary hypotheses have historically framed organ specific
metastasis. James Ewing’s anatomical hypothesis emphasizes the role of vascu-
lar geometry and blood flow in the direction of CTC trajectories [10], while
Stephen Paget’s seed and soil hypothesis argues that colonization depends on
biochemical compatibility between tumor cells and target tissue [26]. Although
advances in cell adhesion biology have provided strong support for the seed and
soil paradigm, the expression of adhesion molecules alone does not fully explain
the observed metastatic patterns.

Recent experimental studies suggest that local hemodynamics play a criti-
cal role in shaping where CTCs attach. Perfusion experiments by Hynes et al.
revealed pronounced regional preferences in the attachment of metastatic mam-
mary carcinoma cells to bioprinted microvascular networks, despite uniform ex-
pression of adhesion molecules [17]. In particular, these attachment hotspots
coincided with regions of distinct wall shear stress (WSS), the tangential force
exerted by blood flow on the vascular endothelium. Previous work has shown that
WSS can promote or inhibit CTC adhesion depending on magnitude and spatial
variation [37, 9, 5], particularly near bends and bifurcations. However, isolating
the mechanistic contribution of WSS to population scale CTC arrest remains
challenging, as resolving three dimensional flow, cell mechanics, and adhesive
interactions over physiologically relevant vascular distances is computationally
prohibitive in experimental and numerical settings [7, 18].

In this work, we address this gap by introducing the first population scale,
three dimensional multiscale computational framework that couples tissue scale
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blood flow with WSS dependent receptor ligand adhesive kinetics. By integrating
shear regulated adhesive dynamics into a high throughput adaptive refinement
strategy, we track thousands of individual CTCs across realistic vascular geome-
tries while resolving submicrometer binding interactions. This approach enables
direct, quantitative testing of how different modes of WSS regulation influence
spatial patterns of CTC arrest, providing a mechanistic link between local hemo-
dynamics and preferential metastatic attachment.

2 Materials and Methods

2.1 Computational Fluid Dynamics via the Lattice Boltzmann
Method

We simulate incompressible blood flow using the lattice Boltzmann method
(LBM), implemented in HARVEY [32]. The fluid is advanced with the single
relaxation time Bhatnagar Gross Krook collision operator on a standard D3Q19
lattice [31, 4]. The update for distribution fi at position x and time t with dis-
crete velocity ci, relaxation time τ , and forcing term Fi is

fi(x+ ci, t+ 1) =

(
1− 1

τ

)
fi(x, t) +

1

τ
feq
i (x, t) + Fi(x, t). (1)

2.2 Cell Mechanics via a Membrane Finite Element Model

Circulating tumor cells are modeled as deformable, fluid filled capsules with
triangulated membranes generated by successive subdivision of an icosahedron.
Membrane mechanics are resolved with a finite element formulation [19] and the
Skalak constitutive law [34], which captures resistance to shear, bending, and
area dilation.

2.3 Fluid Structure Interaction via the Immersed Boundary
Method

Fluid structure interaction is handled with an immersed boundary method (IBM)
[27] that couples the Lagrangian cell membrane to the Eulerian fluid grid [19].
Let δ(·) denote a compact support interpolation kernel. During interpolation,
the fluid velocity V at a membrane point X is obtained from neighboring fluid
velocities v as

V(X, t) =
∑
x

v(x, t) δ(x−X(t)) . (2)

Membrane forces G computed by the finite element model are then spread back
to the fluid as

g(x, t) =
∑
X

G(X, t) δ(x−X(t)) . (3)
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2.4 Ligand Receptor Adhesion via Adhesive Dynamics

Cell wall adhesion is modeled with stochastic adhesive dynamics [16]. Bond for-
mation (kf ) and rupture (kr) follow force dependent kinetics [11]:

kf = kf0 exp

(
−σon(ℓ− λ)2

2kBT

)
, (4)

kr = kr0 exp

(
σoff (ℓ− λ)2

2kBT

)
, (5)

where ℓ is the bond length, λ is the equilibrium length, σon and σoff are bond
strengths, and kBT has its usual meaning. Once formed, each bond is modeled
as a Hookean spring with stiffness kb:

F b = −kb(ℓ− λ)
ℓij
ℓ
. (6)

Equations 4–5 define the baseline adhesion model (Model 0) used when adhesion
kinetics are not regulated by wall shear stress.

2.5 Wall Shear Stress Regulated Adhesive Kinetics

We evaluate three modes of wall shear stress (WSS) regulation of adhesion,
adapted from Yan et al. [38]. Model 1 modulates kinetics using the WSS magni-
tude. Model 2 modulates kinetics using the directional derivative of WSS along
the local flow direction at the wall. Model 3 uses the peak upstream directional
derivative within a region of influence (ROI), producing a step like response
downstream of the first strong gradient encountered.

Model 1: WSS magnitude regulation. With WSS magnitude σw and reference
value σw0,

kf = knf

(
σw

σw0

)k1

, (7)

kr = knr

(
σw

σw0

)k2

. (8)

Models 2 and 3: three dimensional WSS gradient regulation. To generalize the
one dimensional formulation to three dimensions, we replace the axial derivative
with a directional derivative computed from the WSS gradient ∇σw and the unit
tangent t aligned with the local flow direction along the wall:

kf = knf exp(k3 (∇σw · t)) , (9)

kr = knr exp(k4 (∇σw · t)) . (10)

For Model 3, the modulation uses the maximum or minimum directional deriva-
tive within a region of influence around the upstream peak location:

kf = knf exp
(
k3 max

ROI
(∇σw · t)

)
, (11)
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kr = knr exp
(
k4 min

ROI
(∇σw · t)

)
. (12)

We estimate ∇σw at wall adjacent fluid nodes using a local least squares fit
after sliding window smoothing [2].

2.6 Multi-Resolution Coupling with Adaptive Physics Refinement

The adaptive physics refinement (APR) framework enables resolving fine-grained
cellular interactions over large spatial distances using a high-resolution “moving
window” to track cancer cells coupled to a bulk fluid flow in a coarsely resolved
domain outside the window [30]. The moving window is a rectangular prism
placed by the user at a specified location of the vascular geometry at the start
of the simulation, centered around a CTC to be tracked. Within the window,
high-resolution grids are used to resolve fluid-structure interactions of the de-
formable cell, while a coarser grid is employed outside the window to resolve
the background fluid dynamics. The APR method is optimized for heteroge-
neous workloads, with the bulk computations performed by the CPUs, and the
fine window calculations done by the GPUs. A detailed discussion of the meth-
ods underpinning APR can be found in [30, 24]. We recently extended APR to
accommodate multiple simultaneous windows for high-throughput tracking of
cancer cells [23].

2.7 Parameter Selection and in Silico Experiment Design

Adhesion parameters were selected based on literature values. A bond spring con-
stant of kb = 10−3 N/m was adopted based on experimental estimates of selectin
bond stiffness in leukocyte adhesive dynamics studies [16, 22, 33], which charac-
terize molecular interactions analogous to those implicated in CTC–endothelium
attachment. For adhesive kinetics, the selected reverse rate kr = 25 s−1 is con-
sistent with the order of magnitude of slip-bond dissociation rates reported for
P-selectin under force [22], and was chosen to reflect the accelerated turnover
expected under elevated shear stresses relevant to CTC attachment. The parame-
ters controlling WSS-mediated regulation of adhesive kinetics were informed by
the formulation of Yan et al. [38] and modified to support three-dimensional
vessel geometries. The normalization factor σw0 was selected to reflect the char-
acteristic WSS magnitudes observed in the curved microvessel (Fig. 2). For the
curved microvessel experiments, an inlet velocity of 1.5mm/s was used, consis-
tent with physiological flow speeds commonly reported in post-capillary venules
[28]. A summary of these simulation parameters can be found in Table 1.

For all simulations, fluid flow was first advanced to steady state prior to
introducing CTCs. In the double-bifurcation experiments based on Hynes et
al. [17], we initialized 3,072 CTCs randomly near the vessel inlet, with one APR
window assigned to track each cell. This sample size was selected to ensure
robust statistical characterization of rare adhesion events while maintaining full
utilization of available hardware—specifically, one GPU per CTC across 512
Aurora nodes equipped with six GPUs each (6 × 512 = 3,072). Each APR
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window is one-way coupled to the bulk fluid, an assumption that was validated
in [23]. Thus, after allowing the bulk to reach convergence, each CTC is tracked
independently of other cells. To track CTC residence time, two metrics are used:
occupancy and binding time. The occupancy measure was introduced in [25]
and tracks the number of time steps for which a fluid point is deemed inside
the CTC. To aggregate CTC occupancies while accounting for crossing paths,
a mean residence time τres is computed by scaling the cumulative occupancy
by the number of unique CTCs crossing a given point NCTCx,y,z

at each grid
location (Equation 13).

τres =

∑Nwindows

i=1 Occupancyx,y,z
NCTCx,y,z

(13)

The binding time is computed by tracking the number of time steps that each
endothelial receptor is actively engaged with a CTC ligand.

Parameter Name Symbol Value Reference
Bond spring constant kb 1× 10−3 N/m Section 2.7
Forward bond strength σon 0.5× 10−6 N/m [29]
Reverse bond strength σoff 5× 10−6 N/m [29]
Forward rate constant kfo 1× 104 s−1 [36]
Reverse rate constant kr0 25 s−1 Section 2.7
Equilibrium bond length λ 0.5× 10−6 m [35]
Cutoff length for formation Hc 1.0× 10−6 m [35]
WSS bond formation sensitivity k1 5.5 Section 2.7
WSS bond rupture sensitivity k2 −10.0 Section 2.7
∇WSS bond formation sensitivity k3 1.0× 10−5 m3/N Section 2.7
∇WSS bond rupture sensitivity k4 −2.5× 10−6 m3/N Section 2.7
Reference shear stress σw0 1.0 Section 2.7
Fluid velocity v 1.5 mm/s, 1690 µL/min† Section 2.7
Shear modulus Gs 1× 10−5 N/m [17]
Ligand density Nl 5× 1012/m2 [29]
Receptor density Nr 4.6× 1012/m2 [36]

Table 1. Adhesive Dynamics and Flow Parameters Used in Simulations. †Value based
on experimental conditions reported in [17].

3 Results

3.1 Adhesive Cell Behavior is Strongly Dependent on Wall Shear
Stress Modulation

To investigate how different modes of WSS modulation influence adhesive trans-
port, the three models outlined in Section 2.5 were evaluated within a curved
microvessel geometry. For clarity, we denote the baseline, non-WSS-modulated
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Fig. 2. (A): 3D representation of the curved microvessel, with inflection points denoted
by roman numerals. (B): Cross-sectional wall shear stress (blue) and ∇(WSS) (red)
plotted along the upper vessel wall. (C): Cross-sectional wall shear stress (blue) and
∇(WSS) (red) plotted along the lower vessel wall.

case as Model 0 and the WSS-modulated schemes in Fig. 3(A–C) as Models 1–3
in all subsequent discussion.

Curvature-induced secondary flows generate localized regions of elevated
WSS and strong positive or negative WSS gradients, providing a biomechanical
context relevant to CTC adhesion [14]. The geometry used, along with corre-
sponding WSS and WSS-gradient traces along the upper wall of the microvessel,
are shown in Fig. 2. Regions of vascular bending are denoted by Roman numerals
to highlight locations where abrupt changes in WSS occur and where preferential
CTC adhesion might arise.

The modulation of receptors by WSS is visualized for each mode of WSS
in Fig. 3. With receptor modulation being driven by the scalar magnitude of
WSS (Model 1) as shown in Fig. 3(A), the regional bond formation hotspots
coincide with elevated WSS, consistent with the WSS plot in Fig. 2. Under the
WSS-gradient-sensitive model (Model 2), bond formation hotspots coincide with
rapidly increasing WSS (Fig. 3(B)). Conversely, the rate of bond formation is
inhibited at the regions of rapid decrease in WSS. Modulation of the binding
on-rate using Model 3 yields a step-like function where the modulation factor
retains a peak value downstream of the first spike encountered at the lower wall
(Fig. 3(C)).

Simulations of CTC transport through the curved microvessel were performed
for a non-WSS-mediated baseline and compared against the three WSS-mediated
adhesion models. The effects of WSS modulation on adhesive transport are quan-
tified via binding frequency (Fig. 6), cell speed (Fig. 5), and binding duration

ICCS Camera Ready Version 2026
To cite this paper please use the final published version:

DOI: 10.1007/978-3-032-29921-5_30

https://dx.doi.org/10.1007/978-3-032-29921-5_30
https://dx.doi.org/10.1007/978-3-032-29921-5_30


8 A. Martin et al.

A B C

Fig. 3. Visualization of the WSS modulation factor at wall receptors locations in the
curved microvessel geometry. (A): Modulation by the scalar magnitude of WSS (Model
1). (B): Modulation by the instantaneous magnitude of the spatial gradient of WSS
(Model 2). (C): Modulation by the peak upstream value of the spatial gradient of WSS
(Model 3).

Fig. 4. Comparison of (A): mean residence time per voxel, and (B): mean bond active
time per receptor.

(Fig. 4). In Fig. 6(A), the total number of adhesive bonds formed along the
axial direction is quantified for each model. The cumulative number of binding
events is plotted for each model in Fig. 6(B). Statistical analysis (ANOVA with
Tukey HSD post-hoc testing) shows that WSS-regulated adhesion significantly
increases the total number of bond-formation events relative to the non-WSS
baseline (Model 1: +28%, Model 3: +18%; p < 0.05), whereas Model 2 remains
significantly different from baseline. From Fig. 5, mean CTC velocity showed a
modest yet statistically significant (5%) reduction exclusively under Model 1,
while Models 2–3 remained statistically indistinguishable from baseline. Adhe-
sive residence time (Fig. 4) is evaluated using two complementary measures. Fig-
ure 4(A) shows the mean residence time per voxel, representing the cumulative
time the CTC overlaps with each fluid point. Meanwhile, Fig. 4(B) quantifies the
mean duration for which each endothelial receptor remains bound to the CTC.
Statistical evaluation of adhesion kinetics revealed that WSS-dependent adhe-
sion (Models 1 and 3) significantly increased both the frequency and duration of
adhesive events (p < 0.001), with Model 1 producing the largest enhancement
in per-receptor binding lifetime (+46%) and per-voxel residence time (+8%).
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Fig. 5. Comparison of (A) cell velocity in the curved microvessel, and (B) average
velocity among all WSS models.

A B

Fig. 6. Comparison of (A) number of adhesive bonds formed with axial position, and
(B) total number of binding events, in millions, among each WSS model.

3.2 Wall Shear Stress-Dependent Adhesion Underlies Regional
Preferences for Cell Attachment

Regional preferences for CTC attachment have been observed experimentally,
yet the mechanistic role of WSS remains difficult to resolve.

Hynes et al. [17] reported preferential bond formation at the lower entry
fork of a double-bifurcating vessel in a bioprinted microvessel model and posited
that asymmetric WSS patterns may contribute to this behavior. However, di-
rect testing of this mechanism remained out of reach: explicitly resolving 3-D,
submicrometer adhesive interactions over physiologically relevant vessel lengths
imposes prohibitive computational demands—requiring hundreds of terabytes of
storage and tens of thousands of processors [23]. These constraints motivated the
development of our multiscale CTC-tracking platform (Fig. 1). By incorporating
WSS-dependent adhesion into this framework, we can now investigate the mech-
anistic links between WSS and spatial patterns of metastatic cell attachment
that were previously inaccessible. To assess whether WSS drives the preferential
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Fig. 7. (A): Subset of CTC trajectories in the double-bifurcation geometry, colored
by local residence time. Brighter regions (yellow) indicate locations where cells spent
longer durations in close proximity to the vessel wall. (B): Mean residence time aggre-
gated across all simulated CTCs, with darker brown corresponding to higher average
dwell times across cells. Some trajectories terminate before reaching the outlet, as only
regions proximal to the inlet bifurcations exhibited WSS-dependent adhesion behavior,
and downstream segments were therefore not simulated to completion.

binding patterns reported by Hynes et al. [17], we simulated thousands of CTC
trajectories initialized near the inlet (Fig. 7) within a digital reconstruction of
their bioprinted vessel. The resulting adhesion hotspots are shown in cyan in
Fig. 8. WSS-dependent modulation of adhesion was modeled using Model 1,
which demonstrated the strongest agreement with prior experimental measure-
ments of WSS-mediated binding dynamics [20], as supported by the results in
Figs. 6–4. Cell attachment localized primarily to the bifurcation regions of the
entry forks. Additionally, consistent with Hynes et al., more binding events oc-
curred in the lower fork. To determine whether WSS-mediated receptor modula-
tion underlies this asymmetric cell burden, a baseline simulation was performed
in which receptor dynamics were not influenced by WSS. Regional enrichment in
active receptor levels and bond duration was quantified across simulations, with
statistical significance reported in Fig. 9. Under WSS modulation, the lower en-
try fork exhibited a substantial 31-fold increase in receptors actively engaged in
CTC bonds, accompanied by prolonged bond lifetimes. By contrast, the baseline
scenario produced only a modest 1.82-fold enrichment. Moreover, in the absence
of WSS modulation, mean bond lifetimes were actually higher in the upper fork,
indicating a reversal of the WSS-driven pattern.
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Fig. 8. Spatial locations where cell-wall binding events were recorded in the double
bifurcation geometry from [17]. Global binding events observed using Model 1 are
colored in cyan.

4 Discussion

We examined whether WSS-regulated adhesion contributes to spatial biases in
CTC attachment. WSS magnitude regulation emerged as the dominant driver
of adhesive behavior across all geometries tested. Within the curved microvessel
domain, Model-1 (Equations 7–8) substantially increased both bond formation
frequency (Fig. 6) and engagement duration (Fig. 4), while Model-2 produced no
change relative to the baseline. This is consistent with experimental evidence that
WSS magnitude strongly enhances adhesive receptor expression, whereas gradi-
ent effects remain comparatively modest [20]. Model-3 also elevated bond counts
and durations, in line with shear-dependent endothelial signaling responses [38].
While Model-3 is more phenomenological in nature, paracrine communication
from upstream WSS stimuli provides a plausible biological basis [3], though the
spatial extent and quantitative dependence of this signaling along the vessel axis
remain largely unexplored.

The regional preference for metastatic seeding reported experimentally by
Hynes et al. [17] was reproduced in our simulations (Fig. 8), enabling direct
interrogation of the underlying mechanism. Comparison between baseline (non-
WSS modulated) and WSS-regulated adhesion (Fig. 9C) revealed that spatial
variations in WSS within bifurcation entry forks are sufficient to generate the
observed asymmetry in attachment. With WSS modulation, the lower entry
fork exhibited a significantly greater enrichment of receptors actively engaged
in CTC bonding than in the baseline condition, consistent with the experimen-
tally observed increase in attachment frequency. Together, these findings pro-
vide mechanistic evidence that local WSS cues directly drive spatial bias in
CTC binding within complex vascular geometries. Of the three schemes, Model
1 best reproduced the experimental data, capturing the regional asymmetry in
attachment and the receptor engagement trends reported by Hynes et al. Model
2 produced adhesive behavior indistinguishable from the unregulated baseline
whereas, Model 3 increased bond counts and durations, though its mechanistic
basis is less well-characterized.
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Fig. 9. Quantifying differential cell attachment dynamics between upper and lower
entry forks of the bioprinted vasculature from Hynes et al. [17] under the hypothesis of
(A): WSS does not impact adhesive dynamics, and (B): WSS modulation of adhesive
dynamics is permitted. In both cases, the left-hand column evaluates the fold change
in active receptors between the upper and lower inlet forks, and the right-hand column
evaluates the fold-change in average bond lifetime.

Several aspects of the modeling scope warrant further exploration. The present
simulations do not include CTC induced perturbations to the local shear field,
despite evidence that adherent cells can locally elevate endothelial WSS over
several cell diameters [8]. Incorporating such feedback may further amplify lo-
calized adhesion effects. In addition, the adhesion kinetics was restricted to a
weak slip bond formulation. Extending the framework to include two pathway
catch slip dynamics could enable more detailed investigation of cell type specific
adhesive responses under varying shear conditions. Although experimental stud-
ies have reported the presence of circulating tumor cell groups [17], this work
focused on individual cells with uniform mechanical properties. Accounting for
mechanical heterogeneity within a CTC population may further modulate bind-
ing behavior [21]. Finally, endothelial receptor expression was assumed spatially
uniform, whereas localized expression patterns are known to influence metastatic
transport [29].

5 Conclusion

Using a high throughput multiscale computational platform, we directly evalu-
ated whether WSS regulated adhesion contributes to spatial biases in metastatic
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seeding. Across tissue scale vascular networks, incorporating WSS dependent ad-
hesive kinetics led to marked increases in receptor engagement and bond lifetime
within high WSS inlet regions relative to a non WSS baseline. The dominant
sensitivity of adhesion dynamics to the magnitude of the WSS is consistent with
established experimental observations [20] and enables a mechanistic explana-
tion for regional attachment preferences reported in bioprinted vascular models.
Beyond reproducing observed trends, this framework provides a scalable ap-
proach to investigating how local hemodynamics influence metastatic transport
at a population scale, opening the door to predictive studies of CTC arrest in
realistic vascular networks.
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