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Abstract

Solid tumor dissemination from the primary site to the sites of metastasis involves tumor cell 

transport through the blood or lymph circulation systems. Once the tumor cells enter the 

bloodstream, they encounter a new hostile microenvironment. The cells must withstand 

hemodynamic forces and overcome the effects of fluid shear. The cells are exposed to 

immunological signaling insults from leukocytes, to collisions with erythrocytes, and to 

interactions with platelets or macrophages. Finally, the cells need to attach to the blood vessel 

walls and extravasate to the surrounding stroma to form tumor metastases. Although only a small 

fraction of invasive cells is able to complete the metastatic process, most cancer-related deaths are 

the result of tumor metastasis. Thus, investigating the intracellular properties of circulating tumor 

cells and the extracellular conditions that allow the tumor cells to survive and thrive in this 

microenvironment is of vital interest. In this chapter, we discuss the intravascular 

microenvironment that the circulating tumor cells must endure. We summarize the current 

experimental and computational literature on tumor cells in the circulation system. We also 

illustrate various aspects of the intravascular transport of circulating tumor cells using a 

mathematical model based on immersed boundary principles.
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1. Introduction

Metastasis to distant organs is the major cause of mortality for patients with many types of 

cancer. Metastasis accounts for nearly 90% of cancer-related deaths, although no more than 

0.01% of circulating tumor cells (CTCs) is able to successfully form secondary lesions [67]. 

In order to metastasize, the cancer cells must detach from the primary tumor mass, migrate 

through the stromal tissue surrounding the primary tumor, enter the blood or lymph 

circulation system, travel with the blood flow, and, finally, extravasate into the new site, 

invade the local matrix, and colonize the target organ [39,43,71]. The process of CTC 

intravenous transport and the physical properties that allow CTCs to survive under the 
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physiological blood flow is still poorly understood. One of the hypotheses is called the 

“adhesion cascade” (Figure 1) and was formulated and observed in the context of circulating 

leukocytes (reviewed in [44]). During this process, a single tumor cell is expected to switch 

among various locomotion strategies, from floating with the bloodstream to rolling on the 

endothelial wall, to tumor cell arrest and crawling, and finally, to tumor cell transmigration 

through the endothelial layer [44,71].

Tumor cell dissemination from primary to metastatic sites has not only a biological meaning 

but also important clinical implications. With the detection of metastasis in a patient, the 

clinical strategy for therapy changes from localized to systemic. However, how 

chemotherapeutic drugs directed at primary tumors affect the distant metastases is not 

known. Neither is it known how intravenously administered drugs affect CTCs. Therefore, 

investigating methods for how to prevent CTCs from metastatic spread is of vital interest to 

cancer biology. A deeper understanding of what factors allow CTCs to survive in the 

circulation system could be used to design novel therapeutic treatments. Moreover, 

understanding and characterizing CTCs is the first step toward utilizing them as biopsy 

material and directly as a biomarker of disease progression or as a measure of patient 

response to an anti-cancer treatment.

Although CTCs can be found in the blood of patients with various types of cancers, these 

cells are quite rare—one in a million in comparison with leukocytes [31] or one in a billion 

in comparison with blood cells [74]. In recent years, several approaches were undertaken to 

design highly specialized technical devices capable of capturing and isolating CTCs from 

patients’ peripheral blood [2,9,10,18,28]. These methods allowed the cancer biology 

community to gain enormous knowledge about the biological and physical properties of 

CTCs and to correlate the presence of CTCs with patients’ clinical outcomes [17,45,61,69].

One such method, a high-definition CTC assay (HD-CTC), was developed by Kuhn and 

colleagues to capture CTCs from patients’ blood without using surface protein-based 

enrichment. This method allows not only for identification of significant numbers of CTCs 

in patients with different types of cancers but also for imaging of the captured cells. 

Significant heterogeneity has been observed between tumor cells of various origins, as well 

as within cells of the same type of cancer [30,32,33]. The patients’ CTCs varied in size, 

shape, expression of specific proteins, and the cytoplasm to nucleus ratio. For example, the 

prostate cancer cell diameter ranged from 8 to 16 microns, and the breast cancer cells 

reached 9-19 microns in diameter [51,30]. Several blood samples contained also CTCs’ 

clusters (emboli) of various sizes and shapes [7,32,34]. These cell aggregates were found in 

blood from patients with breast, lung, pancreatic, and prostate cancers which indicates that 

the emboli may not be a sporadic case and that cell aggregates may present certain 

advantages for CTC survival in blood flow.

Recent advances in real-time fluorescent microscopy imaging allow for a visual account of 

CTCs in the circulation system in animal models (Figure 2). Experiments conducted by the 

Hoffman group showed both individual cells and multicellular emboli in the blood and 

lymph circulation systems in mouse skin [15,16,72,73]. In particular, the researchers showed 

that injected human fibrosarcoma cells acquire different shapes depending on the size of the 
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vessel. The CTCs in microvessels were relatively circular and nondeformed, with the minor 

and major axes equal to 19.3 and 23.3 microns on average, respectively (Figure 2A). 

However, in capillaries (typically 3-8 microns in diameter), the cells were elongated 

reaching four times their normal size (7.8×92.6 microns on average), and the length of the 

nuclei increased 1.6 times reaching 7.8×27.6 microns on average. These cells occupied the 

full diameter of the vessel (Figure 2B). The same group also observed occasional small 

masses of tumor cells and larger multicellular emboli traveling through the large venules 

[15,16].

Once in the circulation system, CTCs are exposed to various microenvironmental factors 

that are novel for cells arising from a solid tumor mass. In order to survive, the cells must 

withstand hemodynamic forces and overcome the effects of fluid shear [51,71,41]. Blood 

flow velocities in the circulation system can range from 0.03 to 40 cm/s depending on the 

vessel size [36], and the hemodynamic shear forces in the bloodstream can reach 0.5-4.0 

dyn/s2 in the venous circulation and 4.0-30.0 dyn/s2 in the arterial circulation [68,41]. The 

pattern of the blood flow and its shear stress, as well as the movement of other cells in the 

circulation system can affect CTC trajectory. Moreover, CTCs may also be exposed to 

collisions with red blood cells or adhesion to leukocytes, platelets, and microphages 

[42,51,66]. How individual CTCs and CTC emboli can withstand these intercellular 

interactions and persist in the fluid flow is not yet fully understood, and many questions are 

still unanswered. Mathematical modeling based on physical principles and available 

experimental and clinical data can provide an invaluable tool for reconstructing the 

intravascular microenvironment and for testing what properties of CTCs allow them to 

survive in the circulation system.

In this chapter, we present a mathematical model of circulating tumor cells in the 

microvessel that utilizes fluid-structure interaction principles. We also discuss CTCs’ 

biophysical properties, including cell deformability and dynamical changes in cell structure 

(both locally and globally) that are necessary for cell survival in the blood flow, and switches 

in cell locomotion strategies. This will allow us to identify combinations of parameters that 

can be manipulated experimentally in order to disrupt some steps of the CTC adhesive 

cascade.

2. The IBCell mathematical model of circulating tumor cells

To model interactions between the bodies of circulating tumor cells and the surrounding 

blood plasma flow, fluid-structure-interactions methods are a natural modeling choice. One 

such modeling framework is the Immersed Boundary Method developed by Charles Peskin 

to model blood flow in the heart [47-50]. We adapted this computational framework to 

design a model of a deformable eukaryotic cell, IBCell (an Immersed Boundary model of a 

Cell [55,56]). This model includes various cellular processes that the cells can experience, 

such as cell growth, division, death, adhesion, and migration. Subsequently, we applied the 

IBCell framework to model circulating tumor cells in the blood flow [57].

We present here the details of this two-dimensional (2D) model of deformable circulating 

tumor cells traveling through a microvessel. Note, that a 3D version of this model can be 
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based on the same principles, as described in [57]. Here, we consider a microvessel large 

enough that the cells are able to preserve a circular shape as shown in Figure 1A. During the 

simulations, cell deformation is a result of the blood flow, not the occlusion within the 

vessel. The cells are exposed to both hemodynamic forces exerted by the blood plasma flow 

and adhesive-repulsive forces between either other tumor cells or the tumor cell attaching to 

or migrating along the endothelial cells of the microvessel. All components of this model are 

described below and are presented in Figure 3.

• Blood plasma flow—this model takes into account the fluid phase of the 

blood (the plasma) only. No other cells, such as red blood cells, leukocytes 

or platelets, are included. The blood plasma is modeled as a viscous 

incompressible Newtonian fluid governed by Navier-Stokes equations. 

The fluid flow inside the vessel is laminar of a parabolic profile with zero 

velocity at the microvessel walls and a maximum velocity of 0.6 mm/s in 

the center of the microvessel. However, in the presence of obstacles, such 

as deformable tumor cells, the plasma flow profile may be distorted. In 

these simulations, we use a small 30-micron-wide and 75-micron-long 

vessel.

• Endothelium structure—the endothelium is modeled as a mesh of short 

and relatively stiff linear springs that form a uniform rigid wall. For 

simplicity, no individual endothelial cells are included in the model. While 

we are aware that the blood flow can alter the biophysical state of the 

endothelium (for example, some membrane receptors can be expressed 

differently under the flow), for simplicity, we neglect any changes that the 

plasma flow may have on the endothelium.

• Circulating tumor cell structure—in this model, we consider a circular cell 

with a diameter of 10 microns, a 4-micron-wide nucleus, and a 2-micron-

wide cortex band. No other cell cytoskeleton elements and intracellular 

organelles are included in the model, but the whole cell structure is 

interpenetrated by viscous incompressible cytoplasm. Cell shape and 

stiffness are modulated by the cell actin cortex and the cell nuclear 

envelope. Both are modeled as dense networks of linear Hookean springs. 

The model allows modifications in spring stiffness globally (i.e., for all 

springs forming the structure) and locally (i.e., for an individual spring in 

the structure), and separately for the cell nucleus and the cortex. This 

enables testing the relative role of the nucleus and the cortex in preserving 

the overall cell shape under the blood flow.

• Circulating tumor cells-endothelium interactions—all interactions between 

circulating tumor cells and the endothelium are modeled via the pseudo-

receptors located on the tumor and the endothelial cell membranes. The 

adhesive links emerge when these receptors are in close proximity. They 

adhesive links, which are modeled as short linear Hookean springs, can be 

dynamically assembled and disassembled based on the distance between 

the receptors, as well as the adhesive spring stiffness. For simplicity, we 
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assume that the receptor-ligand binding is always effective when the 

distance between the receptors is small enough.

The mathematical framework of the immersed boundary method is given in Figure 4. In this 

method, Equation 1 is the Navier–Stokes equation of a viscous incompressible fluid defined 

on the Cartesian grid x=(x1,x2), where p is the fluid pressure, μ is the fluid viscosity, ρ is the 

fluid density, u is the fluid velocity, and f is the external force density. Equation 2 is the law 

of mass balance. Interactions between the fluid and the material points X(l,t) on the tumor 

cell membrane and the endothelial wall boundaries (l is an index along either the boundaries 

of the tumor cells Γt or the boundaries of the endothelial walls Γe) are defined in Equations 

3–4. Here, the force density F(l,t) acting on the cell and wall boundaries is applied to the 

fluid using the 2D Dirac delta function δ, while all material boundary points X(l,t) are 

carried along with the fluid. The boundary forces F(l,t) arise from the elastic properties of 

the tumor cell membranes, from the rigid properties of the endothelial walls and from tumor 

cell-endothelial cell adhesion and are all represented by the short linear Hookean springs in 

Equation 5, where S is the spring stiffness, L is the spring resting length and X*(l,t) is the 

adjacent, opposite, or neighboring point for the elastic, rigid, or adhesive forces, 

respectively. These equations are solved using the finite difference methods with a discrete 

approximation of the Dirac delta function and are described in detail in [55,58].

The equations of the immersed boundary method are solved in the following steps:

1. Define the structure of the endothelium and the circulating tumor cells.

2. Define the forces that determine the cells and the endothelium structure; 

define the adhesive forces between the cells and between the cells and the 

endothelium.

3. Spread the forces to the underlying fluid grid.

4. Solve the Navier-Stokes equations on the Cartesian fluid grid for the fluid 

velocities.

5. Interpolate the fluid velocities to the boundary points of the cells and the 

endothelium.

6. Move the immersed boundary points based on the computed velocities.

7. Repeat steps 2-6.

In the following sections, we discuss several stages of the intravascular transport and, 

whenever possible, illustrate them with simulations from the IBCell model. In particular, we 

discuss the relative stiffness of the CTC cortex versus the stiffness of the CTC nuclear 

envelope that controls cell deformation under blood flow (section 3), collisions with other 

cells (section 4), how CTC cytoskeletal properties need to be modified in order to attach and 

roll on the endothelium (section 5), how CTC cytoskeleton reorganization and cell 

membrane receptor redistribution enable CTC anchorage and migration on the endothelium 

(section 6), and CTC transmigration through the endothelium (section 7). Finally, we discuss 

how the formation of cell emboli changes the dynamics of the cells in the circulation system 

(section 8).
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3. Circulating tumor cell survival in the blood flow

Laboratory experiments with CTCs in the mouse circulation system showed that the cells are 

able to undergo high levels of deformability (Figure 2 and [16,73]). The overall cell shape 

and the shape of the cell nucleus were able to adjust to the size of the small capillaries. 

Similar deformability was also observed in human tumor cells transplanted into the 

vasculature of a transparent zebrafish [59,60] and in modeled nucleus-free red blood cells 

[54] and neutrophils [22].

We previously used the IBCell model to investigate how changes in the stiffness of the cell 

cortex and the cell nucleus influence the survival of the whole cell when it is exposed to the 

same pattern of blood flow [57]. The results are summarized in Figure 5 in the form of a 

parameter space graph. We varied the stiffness constant of the individual fibers forming the 

cell cortex and, independently, the stiffness constant of the fibers forming the cell nuclear 

envelope. Following the values reported in the literature, the range was 1-106 g/cm·s2 for 

each fiber [58,46,29,35]. The final cell shapes were recorded after the cell reached two thirds 

of the length of a straight vessel (i.e., at 50 microns).

All simulations started with a cell with a perfectly circular cortex and nucleus. The cell was 

initially located in the middle of the vessel. The cases in which both the cortex and the 

nucleus were very stiff resulted in no significant deformation during the whole simulation, 

and the cells retained their initial circular shapes (Figure 5(iv)). However, when both the cell 

cortex and the cell nucleus were very soft, the cells did not survive the flow and underwent 

clasmatosis—cytoplasmic fragmentation. For the relatively soft cortex (fiber stiffness of 

10-100 g/cm·s2) the cells acquired a concave shape with the central inward deformation (a 

parachute-like shape) at the location of the highest blood flow (Figure 5(i)). For the same 

cortex stiffness, these invaginations became smaller when the nuclear envelope became 

stiffer (Figure 5(ii)). Interestingly, a stiff nucleus with a softer (but not too soft) cortex 

prevented significant cell deformations (Figure 5(iii)). Thus, actin cortex stiffness is crucial 

for cell survival during passive transport of the cell by the blood flow, and the combination 

of a soft cortex and a soft nuclear envelope may lead to cell damage by the bloodstream.

4. Circulating tumor cell collision dynamics

An interesting question is, how do CTCs approach the endothelial vessel walls? Is the CTCs’ 

movement a result of collisions with other cells? Or do the CTCs need to be pushed by the 

flow created by other cells? The phenomenon of the cells’ translocation to the periphery of 

the vessel wall is known as margination. This process has been computationally modeled for 

large colonies of red blood cells [75], for interactions between red blood cells and platelets 

[8,12], and for interactions between red and white blood cells [11,63]. These results 

indicated that red blood cell-induced drift effectively leads to margination of leukocytes and 

platelets in both small and large vessel channels. The duration of the margination process 

depends on the vessel size, but once margination is achieved, the process is sustained for a 

long time. Moreover, the size of the cell-free layer depends on the cell deformability and the 

aggregation strength. Recently published mathematical models [27,64] were drawn on 

previous studies of leukocyte-red blood cell interactions and tested whether margination 
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processes can be also observed for CTCs. In particular, a mathematical model discussed in 

[27] showed that when three different CTC membrane elasticities were considered the cells 

with rigid bodies were directed toward the vessel walls the quickest. The softest CTCs 

showed only small fluctuations along the initial trajectory. How such properties of the CTCs 

in the circulation system can be used for therapeutic purposes should be investigated in a 

quantitative and predictive way.

5. Circulating tumor cell adhesion and rolling on the endothelium

In the adhesive cascade process (Figure 1), which has been proposed as a mechanism for 

extravasation for both the leukocytes and CTCs, adhesion to the endothelium is a 

prerequisite of cell transmigration through the endothelial wall. Various receptor-ligand 

bond formations (via a family of selectin adhesion molecules) and hydrodynamic 

interactions have previously been modeled for leukocytes-endothelium adhesion 

[26,65,19,23]. Recent experiments in microfluidic devices have also reported either selectin-

mediated [40] or platelet-enhanced [37] adhesive capture of tumor cells. Moreover, cell 

rolling along the endothelium that was observed in in vitro experiments and modeled in 

silico in the case of leukocytes [3,19,25,38] has also been postulated to work in the case of 

circulating tumor cells [37,67].

The model we used in [57] does not include detailed receptor-ligand kinetics. The adhesion 

process between CTCs and the endothelium was simplified to have high affinity and to 

assemble easily if both the receptor and the ligand were in close proximity to one another. 

Instead, we focused again on the cortex and nucleus structures and their deformation when 

the CTCs adhere to the endothelium under the blood flow. Using the same range of stiffness 

values as in section 3, IBCell produced the parameter space shown in Figure 6. We, again, 

started with a perfectly circular cell (the cell cortex and the cell nucleus), but this time, the 

cell was located near the bottom wall of the vessel. This allowed the cell to adhere to the 

endothelium. Moreover, this location also resulted in the cell being exposed to 

nonsymmetrical blood shear stress with increasing blood velocity far from the endothelium.

The simulated cases revealed that cells with a soft cortex underwent quite significant 

deformation due to the flow pushing on one side of the cells while the opposite side was 

attached to the vessel wall (Figure 6a(i)). In these cases, the area of CTC-endothelium 

adhesion was quite large, but the cells were more likely to detach from the endothelium and 

be carried out with the blood flow. However, with the increasing stiffness of the nucleus, the 

cell's overall shape became less elongated, but these cells were also not able to firmly adhere 

to the endothelium (Figure 6a(ii)). Interestingly, the cells with a moderately soft cortex but a 

stiffer nucleus remained less deformed and adhered quite strongly to the endothelial cells 

(Figure 6a(iii)). Similar dynamics was also observed in the cases of a stiff cortex (Figure 

6a(iv)). The simulations showed that although the deformable cells with a softer cortex had a 

larger area of adhesion to the endothelium, they were also more responsive to blood shear 

stress, as their area of contact with higher-velocity flow could increase with time due to their 

deformability. The stiffer cells had a smaller area of adhesion to the endothelium, but as the 

cells’ shape was not deforming, they were able to maintain this area of adhesion over time, 

and were less likely to detach.
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We stained a fixed part of the cell cortex in each cell to show its translocation along the cell 

perimeter (Figure 6b,c). When both the cortex and the nucleus were relatively stiff, the cells 

showed a rolling motion. These simulations indicated that the transition in the CTC transport 

phase from floating with the blood flow to attaching and rolling on the endothelial wall 

requires stiffening of the whole CTC cortex.

6. Circulating tumor cell crawling dynamics

One of the steps of the leukocyte adhesive cascade is cell crawling—a slow migration along 

the endothelium before the cells can completely stop and start the extravasation process 

[44,70]. Such intraluminal cell crawling has been observed in time-lapse video-microscopy 

within the postcapillary venules [53]. It has also been shown that leukocyte crawling can 

trigger specific signaling between white blood cells and endothelial cells that can induce the 

transient weakening of endothelial cell junctions that may play an important role in enabling 

cell transmigration [44].

We used the IBCell model to reproduce the cell crawling movement under the blood flow 

and to test the mechanical properties of the migrating cell. Based on the results described in 

section 5, we chosen a cell configuration for which the cell was able to attach to the 

endothelium and withstand the hemodynamic forces of the flowing blood (Figure 6c). In the 

case we considered here, the cell had a relatively stiff nucleus but a softer cortex. Therefore, 

we tested whether further softening of the cell cortex around the cell's focal adhesions would 

result in better cell migration. The softer and stiffer parts of the cell cortex were stained 

differently, as shown in Figure 7. Following the example in Figure 6, we also stained a small 

part of the cortex opposite the cell-endothelium adhesions, to indicate their translocation 

along the cell perimeter. These simulations revealed that in order for the circulating tumor 

cell to progress from rolling to anchoring and to crawling, the stiffness of the cell's 

cytoskeleton has to be dynamically altered between the part in adhesion to the endothelium 

and the opposite side (Figure 7). Cell rolling required a quite stiff actin cortex that could be 

pushed by the blood flow without extensive deformation. Upon transition to anchoring, the 

CTC cytoskeleton must become more flexible along the contact surface. Cell crawling 

required that the cortex fibers were softened around the cell focal adhesions with the 

endothelium, and the cortex fibers became stiffer immediately after the focal adhesions were 

broken. This local softening of the cell cytoskeleton along the contact area with the 

endothelium may be potentially modulated by signals from the endothelial cells in contact.

7. Circulating tumor cell anchorage to the endothelium and transmigration

The final step in the adhesive cascade is cell transmigration through the endothelium and 

extravasation to the surrounding stromal tissue. This is an area of very active research with 

in in vitro microfluidic devices and in vivo animal models [5,6,20,24]. It has been shown 

experimentally using the laminar flow chamber that cancer cells can utilize three distinct 

mechanisms of tumor cell-endothelial cell interactions in order to initialize the 

transmigration process [67]. Tumor cells can use paracellular transmigration that takes place 

at the junction of three adjacent endothelial cells. The second mechanism allowed the tumor 

cell to form a mosaic with endothelial cells in which the tumor cell became inserted within 
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the endothelial layer, sometimes for as long as 24 hours. The third observed transmigration 

mechanism was penetration through the endothelial cell. This transcellular migration process 

did not occur on the endothelial cell junctions, but the tumor cell was engulfed in a large 

vacuole and transported through the endothelial cell [67]. The complex process of CTC 

transmigration through the endothelium has not yet been explored with mathematical 

modeling.

8. The dynamics of circulating tumor cell microemboli

Although tumor emboli have been observed clinically in the blood of patients with different 

tumors [1,4,7], how such emboli can arise is not yet well understood, especially given how 

rare CTCs in the circulation system are. The observed CTC clusters numbered from two to 

several cells in clinical samples [4,7] and even up to 50 cells in animal experiments [15,16]. 

It has also been observed that CTC emboli can contain other cells, such as platelets, that 

may guard the tumor cells from immune elimination and promote their arrest at the 

endothelium [14,42].

With the IBCell model, we considered microemboli that consisted only of CTCs. The 

simulations showed that such CTC clusters were able to survive the fluid flow shear stress 

longer than individual CTCs (Figure 8). Their collective ability to adhere to the endothelium 

was also superior to the adhesion capabilities of individual CTCs. However, further, more 

systematic investigations are needed to determine the trade-offs between the size of the CTC 

cluster, the probability of surviving intravenous transport, and the chances of creating vessel 

occlusion because of the embolus size. The latter was investigated in [52] by reconstructing 

the size and shape of emboli observed in patients’ blood. This work showed that small CTC 

clusters tumbled during the flow and were able to reach the vessel walls, even in the absence 

of other cells. However, large CTC clusters were capable of vascular occlusion, slowing the 

blood's velocity and increasing the levels of local generation of coagulation factors.

9. Summary

The fluid environment of the blood to which circulating tumor cells are exposed presents a 

formidable challenge to cells of epithelial origin. Although experimental studies showed that 

dysplastic and metastatic cells exhibit a different degree of mechanical stiffness and cell 

deformability [62,13,21], the precise mechanisms and the extent of such deformations in 

circulating tumor cells in the blood flow are not known. Most of the currently used methods 

for capturing CTCs require cell attachment or anchorage to the substrate. This may result in 

changes in the cytoskeletal properties of the cell in a way that subsequent measurements will 

not reflect the cell properties in the circulation system. Numerous in vivo studies showed 

that metastatic tumor cells are quite deformable, and the cell cytoplasm and the cell nucleus 

can undergo strong compression and shape deformation in small capillaries 

[16,59,60,72,73].

Computational simulations can help determine which properties of CTCs must be altered so 

that they can successfully travel through the blood or lymph circulation systems. This 

knowledge can lead to designing the next generation of therapeutic interventions that will 
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prevent CTCs from completing the adhesive cascade or from forming multicellular emboli 

that can result in vessel occlusions. However, such models need to be based on physical 

principles and need to be able to formulate and test various hypotheses of CTC 

biomechanics and mechanotransduction. Quantitative integration of physics-based 

computational models with in vitro experimentation and ex vivo CTC analysis will lead to 

advancements from the biomechanical and therapeutic perspectives.
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Figure 1. Schematics of the CTC adhesive cascade

A cell floating with the blood flow need to reach an endothelial wall via margination 

process; once near the endothelial wall, it needs to adhere to the endothelium, undergo the 

transitions from rolling to crawling migration before anchoring to the endothelium and 

transmigrate the endothelial wall using one of the following ways: perivascular migration, 

transcellular migration or a mosaic process.
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Figure 2. Circulating tumor cells in the vessel in the mouse skin

An image of tumor HT-1080 sarcoma cells: A. nondeformed cells within a microvessel; B. 

deformed cells occupying the full diameter of the vessel. Cells are labeled with green 

fluorescent protein in the nucleus, and red fluorescent protein in the cytoplasm. Image 

acquired using the Olympus OV100 system at x100 magnification. Reproduced from 

Yamauchi et al. Cancer Research 2005 Fig.3, with permission. [73]
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Figure 3. Schematics of the CTC and endothelium structure

A schematic representation of the 2D model of the tumor cell in circulation. (a) The blood 

vessel (red top wall) is interpenetrated by a blood flow (grey arrows representing a velocity 

field); the CTC nucleus (black) is surrounded by the cell cortex (blue) both composed from 

cross-linked Hookean springs. (b) The cell near the endothelial wall develops adhesive 

connections (green links). (c) As a result of cell deformation, the springs are stretched and 

exert restoring forces (magenta arrows). (d) The cell boundary points are moved on a local 

fluid velocity (magenta arrows). This mathematical model utilizes the computational 

frameworks of the Immersed Boundary method.
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Figure 4. IBCell model equations

Equations Eq.1–Eq.5 define the mathematical frameworks of the Immersed Boundary 

method.
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Figure 5. Deformation of a CTC under a steady blood flow

A parameter space of final cellular morphologies when the stiffness of the cell cortex (blue) 

and the cell nuclear envelope (black) is varied by 7 orders of magnitude. Insets (i-iv)—the 

representative deformable (i-ii) and non-deformable (iii-iv) cell morphologies are shown 

within each parameter range.
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Figure 6. CTC attachment to endothelium under a steady blood flow

(a) A parameter space of final cellular morphologies when the stiffness of the cell cortex 

(blue) and the cell nuclear envelope (black) is varied by 7 orders of magnitude. Insets (i-iv)

—the representative cell morphologies for each category; the adhesive links between CTC 

and the endothelium shown in green. The time course image (b and c) shows the same cell at 

five different time point overimposed on the same image: (b) shows cell detachment from 

the endothelium, and (c) cell rolling on the endothelium. A fixed small part of the cell cortex 

is stained in magenta to illustrate the rolling effect.
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Figure 7. CTC migrating on the endothelium

A time course shows the same cell at different time point overimposed on the same image. 

To illustrate cell crawling a fixed small part of the cell cortex is stained in magenta. Cell 

cortex is stained differently depending on its local stiffness: soft (cyan) close to cell focal 

adhesion with the endothelium, and stiff (blue) far from the adhesive contacts (green).
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Figure 8. CTC microemboli in the blood circulation system

A time course (a-c) shows the same CTC cluster at different time points with cellular 

adhesions and adhesion to the endothelium indicated as green links. The cluster structure 

allows individual cells to withstand the blood shear stress and survive in the blood flow 

(showed as grey vector field).
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