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The Greek phrase ‘Panta Rhei’, which literally translates 
as ‘everything flows’, is a philosophical concept that is 
often attributed to the presocratic Greek philosopher 
Heraclitus (circa 500 bc) and was an attempt to explain 
the ever-​changing nature of life. Work over the past 
decades has shown that this notion might also apply 
to tumour metastasis, a complex multistep process 
whereby malignant tumours shed invasive cells with 
metastatic capacity that need to overcome many obsta-
cles (for example, immune surveillance) for successful 
outgrowth at secondary sites1. However, in addition to 
the multiple molecular pathways driving metastasis,  
a plethora of studies conducted over the past two decades 
strongly suggest that mechanical forces are also respon-
sible for tumour progression and response to classical 
therapies2–4. Among these forces, fluid-​based mechanics 
have progressively entered the scene. Indeed, on their 
way to forming a metastasis, tumour cells and tumour-​
secreted factors use and exploit three main bodily 
fluids — blood, lymph and interstitial fluid5–7 (Fig. 1a). 
Circulating tumour cells (CTCs) and their associated 
material, including soluble factors and extracellular vesicles 
(EVs), can directly travel through the haematogenous 
system1,8 or sequentially use both the lymphatic and 
blood vasculature to colonize distant organs9–11 (Fig. 1b). 
This notion that fluid-​based mechanics can shape 
metastasis originated from an early pivotal study that 

coined the ‘hemodynamic theory’, which showed that 
arterial blood flow in certain organs can be positively 
correlated with the frequency and patterns of metasta-
sis12, supporting a link between flow mechanics and the 
secondary site of metastasis.

When transported in fluids, CTCs are subjected to 
and exploit various mechanical forces, which can influ-
ence their fate in many ways. For instance, high shear 
forces exerted on CTCs can induce mechanical stress, 
leading to cell fragmentation and death13, whereas inter-
mediate shear forces have been shown to favour CTC 
intravascular arrest and extravasation14. Thus, an improved 
understanding of the mechanical forces encountered 
by CTCs and tumour-​associated material in fluids 
is crucial for fully elucidating the metastatic cascade 
and delineating vulnerable CTC states for therapeutic  
intervention.

In this Review, we describe how circulating tumour-​
derived material (cells and associated factors) use 
bodily fluids, their underlying forces and the result-
ant stresses they impose as a natural means to escape 
from primary tumours, travel throughout the body, 
prime pre-​metastatic niches (PMNs) and successfully 
seed distant metastases. We briefly discuss key flow-​
related aspects of tumour growth and invasion that 
have received considerable attention2,6,7 and discuss how 
these modes of flow are essential means of transport 
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for tumour-​derived material8,15,16. In addition, we detail 
the influence of flow types, patterns, components and 
flow-​associated forces during haematogenous dissem-
ination, with a focus on the last steps of metastasis. We 
also highlight existing in vitro and in vivo models and 
multi-​scale imaging and biophysical tools available for 
interrogating fluid mechanics and the intravascular 

behaviour of CTCs during metastasis. The contribu-
tion of fluids, and their mechanics, raises interesting 
questions about the fate and metastatic potential of 
CTCs and, therefore, about the biology of the meta-
static cascade, opening up an important research area 
that is often overlooked but that could be amenable to 
therapeutic targeting in the future.
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Fig. 1 | Fluid routes orchestrate the metastatic cascade. a | Metastatic dissemination is a non-​random process based  
on biological and mechanical cues. The anatomical plan and corresponding vascular pathways depict how circulating 
tumour cells (CTCs) use blood, as well as the lymphatic circulation (purple arrows), to reach distant organs, highlighting 
the common metastatic patterns for colon cancer (blue arrows), breast cancer (red arrows) and pancreatic cancer  
(brown arrows). b | Interstitial flows allow tumour cells and tumour-​derived factors to reach these circulatory systems in 
the primary tumour microenvironment. Both tumour cells and tumour-​derived factors will disseminate in the lymphatic 
circulation, seed draining lymph nodes and colonize local blood vessels. Ultimately , tumour-​derived factors will prime  
pre-​metastatic niches in target organs, where disseminating tumour cells will grow as metastatic colonies upon their 
haematogenous dissemination. c | Histograms describing flow parameters, specifically velocity and shear stress, in human 
organs and various animal models. Values correspond mostly to adult organs, except for zebrafish, in which values 
correspond to the day 2 post-​fertilization stage (see also Supplementary Table 1). CAF, cancer-​associated fibroblast;  
EV, extracellular vesicle; IFP, interstitial fluid pressure.

Fluids
Substances devoid of rigidity 
that continuously deform and 
do not resist shear stress 
applied to them.

Interstitial fluid
Fluid originating from blood 
capillaries’ leakiness that is 
present around cells, bringing 
nutrients to these cells and 
flowing towards lymphatic 
draining sites, giving rise to 
interstitial fluid flow.

Circulating tumour cells
(CTCs). Tumour cells that have 
left their primary tumour and 
entered the blood or lymphatic 
circulation (intravasation);  
to survive and to travel 
throughout the body, they 
co-opt this new fluid 
environment that they are 
exposed to.
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Bodily fluids
Blood, lymph and interstitial fluid can be described 
according to their biophysical attributes, which are influ-
enced by their unique composition and characteristics, 
enabling an estimation of the mechanical stress each 
fluid can impose on CTCs and other tumour-​derived 
components17,18. These interlinked compartments have 
different flow types (which, among others, are depend-
ent on the value of the dimensionless Reynolds number) 
and flow rates, which are experienced or exploited by 
CTCs and/or tumour-​secreted material during transit 
(Table 1). For instance, in the lymphatic system, flow 
is mostly laminar flow, pulsatile with a low amplitude, 
mainly driven by viscosity and has low velocities19. 

By contrast, blood has a much higher density of circulat-
ing objects (blood cells and other factors) and has higher 
flow velocities due to cardiac pumping. In addition, 
blood flow can be pulsatile with a high amplitude and 
turbulent flow in arteries, whereas flow is mostly laminar 
in veins20. Furthermore, biophysical cues differ accord-
ing to flow and vessel type (Table 1) as well as organ 
(Fig. 1c; see Supplementary Table 1). Overall, CTCs and 
tumour-​derived material travelling in the circulation are 
exposed to shear rate values ranging from ~10 s–1 in the 
lymph19 to ~1,000 s–1 in large arteries20,21.

Blood and lymph are also responsible for the inter-
stitial fluid flow that is characteristic of tumours2. 
Interstitial fluid is generated by a high capillary blood 

Soluble factors
Proteins (including protein 
ligands or extracellular matrix-​
modifying proteins) that are 
secreted by tumour cells to 
induce the remodelling of 
distant sites to facilitate 
metastatic seeding.

Table 1 | Key features of bodily fluid systems involved in cancer cell transport

Fluid system Properties Contents Biophysics and 
biomechanical 
forces

Cell behaviour and phenotype refs

Interstitial fluid Laminar flow; flow driven by 
gradient of IFP (high in tumour 
core, low in periphery); high 
density of circulating objects; 
shear stress: 0.1–1 Dyn cm–2;  
velocities: 0.001–0.004 mm s–1;  
Reynolds number: 0.00005–0.0002

NA Darcy’s modela 
(convective and 
diffusive flow)

Chemokine gradients enhance tumour  
cell migration; reduces tumour cell 
migration due to downregulation of 
MMPs; increases tumour cell invasion and 
promotes amoeboid motility of breast 
cancer cells; induces overexpression 
of integrins, MMPs and ECM proteins; 
alters cytoskeletal protein expression; 
promotes EMT, characterized by a switch 
from keratin to vimentin intermediate 
filament expression

5,36–39,41, 

42,224–227

Lymphatic system Laminar flow; pulsatile with low 
amplitude at low frequency ; flow 
driven by viscosity ; low density of 
circulating objects; shear stress: 
0.64–12 Dyn cm–2; velocities: 
0.02–1 mm s–1; Reynolds number: 
0.000033–0.002

Cells (for 
example, immune 
cells and tumour 
cells); tumour-​
derived acellular 
material

Navier–Stokes 
equationb

Promotes cell migration and motility in a 
YAP1-dependent manner or supports cell 
division in a TAZ-dependent manner

19,100,132, 

133,228–232

Haematogenous 
system: arteries

Flow driven by cardiac pumping; 
laminar to turbulent flow; 
pulsatile with high amplitude at 
high frequency ; high density of 
circulating objects; high velocity ; 
shear stress: 4–30 Dyn cm–2; 
velocities: 100–500 mm s–1; 
Reynolds number: 1–5,000

Platelets 
(150–350 × 109 
cells l–1); red blood 
cells (4.7–6.1 × 106 
cells µl–1); 
neutrophils 
(5 × 109 cells l–1); 
eosinophils 
(4 × 107 cells l–1); 
basophils (4 × 107 
cells l–1)

Navier–Stokes 
equation 
with included 
fluid–structure 
interactionc

Decreases cell viability (even if shear 
stress resistance is a conserved property 
in tumour cells); high shear stress causes 
necrosis in >90% of CTCs; interaction with 
platelets reduces anoikis and promotes 
metastasis by activating YAP1 signalling; 
increases expression of adhesion proteins 
(CD44 and integrins) in CTCs, allowing 
adhesion on endothelial walls when flow 
velocity is <600 µm s–1; correlation between 
cell death and increasing shear stress

78,113–116, 

233–242

Haematogenous 
system: veins

Flow driven by cardiac pumping; 
laminar flow; pulsatile with low 
to medium amplitude at medium 
frequency ; high density of 
circulating objects; slow velocity ; 
shear stress: 1–4 Dyn cm–2; 
velocities: 1–200 mm s–1; 
Reynolds number: 0.006–100

233,234, 

243,244

Haematogenous 
system: capillaries

Flow driven by cardiac pumping; 
laminar flow; pulsatile with 
low to medium amplitude; low 
density of circulating objects; 
low velocity ; shear stress:  
10–20 Dyn cm–2; velocities: 
0.01–1.5 mm s–1; Reynolds 
number: 0.003–0.004

233,234, 

245–247

CTC, circulating tumour cell; ECM, extracellular matrix; EMT, epithelial–mesenchymal transition; IFP, interstitial fluid pressure; MMP, matrix metalloproteinase;  
NA , not available; TAZ, transcriptional co-​activator with PDZ-​binding motif; YAP1, Yes-​associated protein 1. aDarcy’s model, =

η
∇Q KA P
L

, describes the flow Q of  
an incompressible fluid with viscosity η exerted by a loss in pressure ΔP through a porous material of area A possessing a hydraulic conductivity K. bThe Navier–
Stokes equation is ν+ . = − +

ρ
∂
∂

∇ ∇ ∇u u P u( )u
t

1 2 , where =∇ V 0, ρ is density , ν is viscosity , u is the velocity vector and P is pressure. cConsidering distensibility D 
and area A, where ∂

∂
≅D

A
A
p

1 , and the mass conservation law = −δ
δ

∂
∂

AD p
t

Q
x

.
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pressure as well as cellular pressure in the solid tumour22 
and is drained by the lymphatic system and its primary 
valves, where the pressure is lower. This directional dis-
placement has been described in a model23 based on 
Darcy’s law24 and is mainly linked to the differences in 
pressure, surface area and hydraulic conductance between 
these networks. Interestingly, in addition to facilitat-
ing the dissemination of tumour cells and tumour-​
associated material7, interstitial fluid pressure (IFP) also 
has important consequences for drug delivery into the 
tumour2 (Box 1).

Fluid mechanics in primary tumours
Solid tumours form a complex microenvironment con-
taining cancer cells, stromal cells, extracellular matrix 
(ECM), and blood and lymphatic vessels. Tumour 
growth relies on angiogenesis, which provides oxygen 
and necessary nutrients through formation of new 
blood vessels, and lymphangiogenesis, which facilitates 
removal of excessive fluids and drainage of tumour cells 
and tumour-​secreted factors from the tumour25,26 (Fig. 1). 
In addition, both fluid systems enable the transit of 
immune cells in and out of tumours, and the lymphatic 
circulation orchestrates local immune surveillance 
under the control of neighbouring lymph nodes15,27.

Darcy’s model explains how differences in IFP within 
the tumour drive the diffusion and convection of fluids 
from the blood towards the draining lymphatic vascular 
system7 (Box 1; Table 1). In primary tumours, the IFP 
gradient is further enhanced by the leakiness of the 
non-​mature tumour-​associated blood vasculature28,29.  
In addition, rapid tumour growth creates solid stress, 
which exposes the tumour-​associated vasculature to 
further vascular squeezing through compression and 
tension30–32 (Box 1), thereby generating high IFP in the 
tumour tissue. Indeed, in an autochthonous mouse 
model of pancreatic ductal adenocarcinoma, intra
tumoural IFP was more than ninefold higher than IFP 
measured in matched healthy tissue33. Although a high 
IFP is detectable in the tumour core33,34, IFP levels drop 
at the tumour periphery, thereby establishing intersti-
tial fluid flow through the peritumoural stroma into 
the lymphatic vessels7,35 (Fig. 1; Box 1). The interstitial 
fluid flow results from both convection and diffusion 
flow towards the periphery36, with velocity values of 
~0.001–0.004 mm s–1 (refs37–39). In parallel, solid stress 
squeezes blood and lymphatic vessels40, thereby hinder-
ing oxygenation and homeostasis of the solid tumour. 
In turn, tumour cells tend to increase the release of 
pro-​angiogenic factors22, leading to an aberrant and 
hyperpermeable blood circuit (low velocity, highly 
heterogeneous; Box 1), which further contributes to the 
malignant behaviour of tumour cells.

Several studies have shown that tumour interstitial 
fluid promotes the migration and/or invasion of tumour 
cells. Indeed, interstitial convective flow can, for example, 
increase glioblastoma cell invasion41 and promote amoe-
boid migration of breast cancer cells42 towards the lym-
phatic drainage, where tumour cells have been shown to 
escape from the primary tumour with the help of macro
phages43 (Box 1). Interstitial fluid flow can also influence 
stromal cells, for example, by promoting the differen-
tiation of macrophages into polarized populations that 
can, in turn, increase directional cancer cell migration44. 
In addition, migratory macrophages were shown to 
switch to sessile perivascular ones and assist tumour cells 
during intravasation in a mouse model of breast cancer45, 
but whether this process can be influenced by interstitial 
flow is unknown. Furthermore, cancer cells can move 
against the convective flow using substrates, such as col-
lagen I fibres, that can promote adoption of mesenchy-
mal phenotypic motility42. An elaborate in vitro study 
also showed that interstitial fluid flow can synergize with 
luminal vessel flow to enhance tumour cell intravasation 
within lymphatic vessels46; however, whether this also 
occurs in vivo remains unknown.

By influencing the direction of tumour cell migra-
tion, interstitial fluid flow can guide tumour cells and 
tumour-​associated factors to the vicinity of lymphatic 
or blood vessels. Indeed, it is tempting to suggest that 
such convection forces, in combination with blood and 
lymphatic circulations, displace tumour-​derived mate-
rial and cells to favour their directed dissemination (and 
also the dissemination of tumour-​derived soluble fac-
tors or EVs) towards the vascular systems or towards the 
ECM at the periphery, while also limiting therapeutic 
distribution in solid tumours22 (Box 1).

Extracellular vesicles
(EVs). Lipid bilayer-​delimited 
particles that serve as cargo  
for the transfer of nucleic acids, 
proteins or lipids to distant 
sites; their membrane 
composition provides a 
fingerprint for the targeted 
priming of specific organs.

Intravascular arrest
The process that precedes 
cancer cell extravasation, 
whereby circulating tumour 
cells become physically 
occluded in microvessels and/or  
actively adhere to the inner 
endothelial lining of blood 
vessels at secondary sites.

Pre-​metastatic niches
(PMNs). A new paradigm for 
the initiation of metastasis; 
these are pre-​metastatic 
microenvironments that are 
seeded and/or educated by 
tumour-​secreted factors, 
inducing phenotypes that 
can help secondary tumour 
development.

Box 1 | Interstitial fluid pressure at primary tumour sites

aberrant flow and permeability of intratumoural blood vessels often result in continuous 
plasma deposition into the extracellular space, which cannot be cleared or drained 
owing to tumour growth-​induced compression of intratumoural lymphatic vessels, 
leading to high interstitial fluid pressure (iFP) within the tumour34,219 (see the figure). 
increased lymphangiogenesis in the tumour periphery220 then creates a gradient of iFP 
(high intratumoural iFP and low iFP in the tumour periphery), with interstitial flow from 
the tumour centre to and beyond the tumour border.

interstitial flow can promote the distribution of tumour-​derived cells, extracellular 
vesicles (evs) and molecules into the periphery, whereas high iFP in the tumour core has 
been shown to limit the efficiency of drug delivery22,33. In vitro microfluidic models suggest 
that interstitial flow can also affect the mode of cell migration and the directionality 
of cancer cell migration42, both directly (by inducing asymmetric focal adhesion 
distribution221,222) and indirectly (by guiding the differentiation of tumour-supporting 
stromal cell populations44).

New approaches to mathematically model iFP at sites that cannot be easily accessed 
for experimental measurements and manipulation, such as brain tumours223, might 
provide further insight into the role of iFP in tumour progression, metastasis and 
response to treatment.
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• Interstitial flow
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Early dissemination
Tumours can exploit the flow mechanics of the blood 
and lymphatic circulatory systems to facilitate the earli-
est steps of the metastatic cascade, including the intra-
vasation and lymphatic dissemination of malignant 
tumour cells and tumour-​derived factors from the  
primary site.

Tumour cell intravasation and lymphatic dissemination. 
Over the past decade, evidence obtained in patients with 
breast cancer47 and colorectal cancer48 suggests that 
tumour dissemination is an event that can also occur in 
early lesions, rather than being solely restricted to more 
developed primary tumours. Although this hypothesis 
needs to be confirmed in other cancer types, such a fea-
ture has been confirmed in mouse models of pancreatic 
cancer49 and breast cancer50–52, raising the question of 
early dissemination mechanisms. It should be noted 
that cell shedding can also occur in mid-​to-late-​stage 
tumours, and that the timepoint or interval of tumour 
cell intravasation and/or metastasis can be cancer-​type 
or patient specific. Although early lesions are less likely 
to be highly vascularized, the influence of fluid mechan-
ics on intravasation in early versus advanced primary 
tumours remains to be determined.

Primary tumour cells have two exit routes to escape 
— some cancer types directly disseminate through 
the blood vasculature, whereas others spread via the 
lymphatic circulation (Fig. 1a). Haematogenous dis-
semination of CTCs follows the successful intravasa-
tion of invasive carcinoma cells — either as individual 
cells (as in the case of spontaneous murine mammary 
tumours43,52) or as clusters (which are rare in compari-
son with single CTCs in patients with breast or prostate 
cancer53) — into the vasculature of neighbouring normal 
tissue or the vasculature formed within the tumours53 
(Fig. 1b). How flow mechanics influence the intravasa-
tion of single cells versus clusters of tumour cells, and 
whether this impacts the flow type they favour for initial 
dissemination, remains to be determined; microfluidic 
approaches (Table 2; see Supplementary Table 2) could 
be instrumental for answering these questions.

Metastasis to regional lymph nodes often precedes 
systemic disease and is the most reliable factor for pre-
dicting survival in patients with carcinomas54. Lymph 
node metastasis defines poor outcomes in patients with 
many cancer types (including lung, prostate, breast and 
colorectal cancer) as it correlates with spread to vital 
organs55. As lymph node metastasis does not cause 
the death of patients, it is reliably used for staging and 
predicting cancer progression. Interestingly, tumour 
cells that have metastasized to the lymph nodes via the 
lymphatic circulation can transfer to the blood circu-
lation that perfuses the lymphatic organs9,11 (Fig. 1a,b). 
As tumour spread to the lymph nodes often correlates 
with reduced patient survival56, lymph node metas-
tasis is thought to be, in addition to direct vascular 
dissemination, an intermediate step in the process of 
life-​threatening distant metastasis; however, lymph node 
dissection is not necessarily beneficial for patients (as is 
the case for patients with melanoma who have nodal  
metastasis57).

Experimental evidence for a mechanism of inter-
mediate transit has been provided in mouse models of 
melanoma and mammary, colorectal and squamous 
cell carcinoma9,11. Careful tracing of the fate of tumour 
cells revealed that they initially colonize the cortex of 
lymph nodes upon draining from the lymphatic circu-
lation through the subcapsular sinus11. Here, tumour 
cells exploit endothelial venules to exit from the lymph 
node into the blood vasculature before seeding second-
ary metastases in the lungs, which can also form directly 
through haematogenous dissemination. Interestingly, 
when studying the evolutionary history of metastases 
in the context of colorectal cancer, researchers found 
two distinct lineage relationships between lymphatic 
and distant metastases that are intricately linked to fluid 
routes. For example, in patients with colorectal cancer, 
phylogenetic analysis of matched primary tumours  
and metastases showed that, although lymphatic and dis-
tant metastases had distinct origins in 65% of patients, 
35% of distant tumours shared a common metastatic 
ancestor with lymph node metastases10. Whether fluid 
biomechanics have a role in the initial choice of the 
fluid route is unknown. However, as flow velocities and 
shear stress are lower in lymphatic vessels than in blood 
vessels (in rats)19 (Table 1; Fig. 2), lymphatic dissemi-
nation might be initially less deleterious to CTCs than 
dissemination through the blood.

Dissemination of tumour-​derived factors. In addition 
to representing routes of rapid escape for tumour cells, 
lymphatic and blood vessels allow the dissemination of 
various tumour-​secreted factors, including cytokines, 
chemokines, growth factors, matrix metalloproteinases, 
circulating tumour DNA, antigens and EVs15,16,58–62, which 
is likely to happen throughout tumour progression. The 
mechanism by which these factors enter the circulation 
has not been formally demonstrated, but they are likely 
to be transported by interstitial fluid and, in contrast to 
tumour cells with active motility potential, are unlikely to 
be transported against the flow (Fig. 1b). Recent advance-
ments in tracking EVs in vivo could be instrumental 
to identifying these routes of early dissemination63. 
Chemokines have been shown to diffuse down concen-
tration gradients in interstitial fluid and guide dendritic 
cells towards lymphatic vessels in mice64; in tumours, 
similar mechanisms could favour the dissemination of 
tumour-​secreted factors.

Tumour-​secreted factors are found in both the blood 
and lymphatic circulation, where they, in addition to 
CTCs, constitute novel targets for early cancer diagno-
sis or longitudinal monitoring of anticancer treatment 
response using liquid biopsies65,66. Given their short 
half-​life in the circulation (~2 min for EVs67,68 injected 
intravenously in mice and <115 min for circulating 
tumour DNA69 in humans) and their high abundance 
in bodily fluids, it is likely that tumour-​secreted factors 
are constitutively released by tumours. Both physics 
and biology provide reasons for these short half-​lives. 
The clearance of EVs from the circulation depends on 
myeloid cells — particularly macrophages in mice and 
zebrafish70,71 and neutrophils in mice72 — that are present 
in blood vessels and on endothelial cells. The small size 

Reynolds number
(Re). A dimensionless number 
proportional to fluid velocity V, 
density ρ, the displacement 
length L and the viscosity η.  
It allows one to classify flow 
types and to determine 
whether the fluid flow is 
laminar or turbulent  
(Re > 1000).

Laminar flow
In fluid dynamics, fluid particles 
transported in a laminar flow 
follow smooth directions in 
layers, with little or no mixing.

Viscosity
A measure of the resistance  
of a fluid to deformation at a 
given rate that quantifies the 
frictional force generated by 
layers of fluids that are in 
motion. Gases, water and other 
liquids are considered 
Newtonian fluids because they 
display a linear correlation 
between shear stress and the 
rate of deformation. When 
fluids display a non-​linear 
relation between stress and  
the deformation rate, they are 
considered non-​Newtonian — 
this is the case for blood.

Turbulent flow
In contrast to laminar flow, 
turbulent flow is characterized 
by chaotic changes in pressure 
and flow velocity that create 
mixing of the flow paths of 
displaced particles.

Darcy’s law
A physical law that, in the 
context of cancer progression, 
is linked to interstitial fluid and 
to hydraulic conductivity of the 
environment arising from a 
convective fluid displacement.

Hydraulic conductance
The capacity of a porous 
material to allow fluid to cross 
under the effect of pressure 
differences.

Interstitial fluid pressure
(IFP). The hydrostatic pressure 
in the cellular interstice, 
which, in solid tumours, is often 
due to vessel leakage and 
lymphatic drainage.

Lymphangiogenesis
The remodelling of existing 
lymphatic networks to give rise 
to new lymphatic vessels.
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Table 2 | Models for tracking the intravascular dynamics of CTCs

Model approach advantages Disadvantages

Microfluidics Cancer cells can be exposed to 
tuneable shear stress; channels can 
be coated with other cell types or 
substrates to study molecular and 
cellular interactions of CTCs in 
transit78,174

Fast assay ; medium to high throughput; 
variable pricing depending on setup; 
uncomplicated integration of live cell 
imaging

Low-​fidelity , ex vivo assay ; lack 
of microenvironment or artificial 
microenvironment

3D printing of human-​
like vessels

Vascular casting of vessel-​like 
networks that can be perfused and 
lined with endothelial cells using, for 
example, carbohydrate glass248 or 
biocompatible hydrogels249

Control of network geometry ; can model 
endothelial remodelling; cell-​compatible 
materials

Requires specific expertise and material

Chorioallantoic 
membrane

The chorioallantoic membrane from 
the blood vasculature on the yolk 
sac of a developing chick embryo is 
used; transplantation of tissues onto 
the chorioallantoic membrane or 
intravenous injection of cancer cells 
at around embryonic day 12 can be 
used to study intravasation, CTCs 
and extravasation194

Fast assay ; medium throughput; 
low cost; amenable to live microscopy

Embryonic vasculature might fail to 
faithfully recapitulate metastatic 
events in adult organisms; long-​term 
tracking is difficult owing to foreign 
tissue rejection in late-​stage embryos; 
requires exogenous labelling of any 
microenvironmental compartments

Zebrafish models Cancer cells are introduced via 
microinjection (for example, 
intravenously or into the pericardium 
or perivitelline space) at embryonic 
stages from 36 h post-​fertilization 
onwards14,153,186

Fast assay ; medium to high-​throughput 
assay with improved fidelity over 
in vitro systems; low maintenance 
costs; transparency at embryonic and 
larval stages can be maintained to 
facilitate imaging; growing toolbox of 
transgenic lines to fluorescently label 
the microenvironment for imaging; 
amenable to pharmacological or 
transient genetic manipulation

Embryonic vasculature might fail to 
faithfully recapitulate metastatic events 
in adult organisms; lack of transparency 
and potential foreign tissue rejection in 
adult fish prevents long-​term tracking; 
different vascular structure, anatomy 
and organization compared with 
mammals or humans; zebrafish genome 
duplication can hamper comparisons in 
gene functions between zebrafish and 
higher organisms

Mouse models A very versatile platform; cancer cells 
can be introduced via injection  
(for example, intravenous, intrasplenic 
or intracardiac) for short-​term 
metastasis assays, or genetically 
engineered mouse models of 
sporadic cancer formation can be 
used to study autochthonous CTC 
biology13,53,99,189,250–252

Allows assessment of CTC behaviour in 
their native environment; genetically 
engineered mouse models provide high-​
fidelity insights into CTC biology ; large 
number of transgenic lines to label the 
microenvironment; potential for surgical 
interventions that are also performed in 
human patients; amenable to short-​term 
and long-​term pharmacological studies

High maintenance and experimental 
costs; induced or xenograft models 
can be less relevant than spontaneous 
disease models; intravital imaging 
requires surgery or the insertion of 
windows to access secondary sites 
and/or organs; anaesthesia for imaging 
might affect flow dynamics and fluid 
mechanics

Patient CTC-​derived 
xenografts

CTC isolation from whole-​blood 
samples from patients via enrichment 
of epithelial cells and subsequent 
transplantation into mice159,253–259; 
however, it is becoming evident 
that patient-​derived CTCs can also 
exhibit mesenchymal features, which 
might require an optimization of 
the isolation protocol. The potential 
applications in studying patient-​
specific responses to biomechanical 
stress are largely unexplored

Easily accessible via liquid biopsy at all 
disease stages; xenografts maintain 
similarity to original patient’s disease and 
treatment sensitivity and/or resistance; 
longitudinal sampling is possible for 
assessment of disease stages before and 
after treatment or surgery ; can be used 
in the other models above with genetic 
or pharmacological manipulation; allows 
for personalized treatment approaches 
and can be linked to clinical outcomes

High maintenance and experimental 
costs; strong involvement of ethical 
regulations; rather low success rate 
in patient CTC-​derived xenograft 
generation; clonality and/or 
heterogeneity of samples; longitudinal 
sampling might be limited by patient 
tolerance, health status and/or disease 
stage; currently , mostly limited to 
introduction into immunodeficient 
models

Mathematical models Numerical modelling focuses 
on the propagation, arrest and 
formation of thrombus by CTCs. 
Applications include modelling of: 
real human vascularization and flow 
propagation in 3D102; the stiffness, 
flowing properties and adhesion 
of CTCs to the vessel wall104; the 
margination properties of CTCs 
with respect to erythrocytes105,106; 
the haemodynamic behaviour of 
CTC clusters (rotation and tumbling 
during travelling) 105; and the 
thrombotic events linked to CTC 
crowding107,260

Versatility and tuneable parameters (for 
example, flow rate, cell number, adhesive 
and viscoelastic properties of CTCs); 
predictive power that is unachievable 
with experimental conditions

Dependent on computing power and 
time; 3D modelling remains complex, 
cumbersome, time-​consuming and 
costly ; difficult to integrate existing 
models; absence of a specific platform 
dedicated to the study of fluid 
mechanics in cancer

CTC, circulating tumour cell.
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of EVs favours their margination close to the endothelium 
walls, similarly to synthetic nanoparticles73,74, enhancing 
their probability of being ingested by phagocytic cells, as 
recently observed in zebrafish embryos71. The size of EVs 
— which range from 35 nm for the recently described 
exomeres75 to a few microns for oncosomes76 — might also 
affect their repartition in the blood flow and, ultimately, 
their organ distribution, as shown for gold nanoparticles 
in rats77. One could also speculate that the surface rep-
ertoire of EVs changes upon entering the bloodstream 
compared with that of extravascular EVs, leading to a 
change in their interaction dynamics with the micro
environment while in flow. In addition, EVs that are not 
rapidly taken up might be subjected to the high shear 
characteristic of arteries and could, therefore, poten-
tially be destroyed, as shown for breast, ovarian and lung 
CTCs and for leukaemia cells in a microfluidics system78.  
In mice, tumour-​derived EVs are also rapidly trans-
ported in lymphatics79, where they end up in metastasis-​
free lymph nodes and can be internalized by resident 
macrophages of the subcapsular sinus80,81. Similar obser-
vations have been reported for the dispersion of tumour 
antigens82 and circulating tumour DNA83.

Tumour-​secreted factors can arrest in various 
metastasis-​free organs, where they can create PMNs 
by locally altering the microenvironment prior to the 
arrival of tumour cells58,60,62,84. For instance, uptake of 
pancreatic tumour-​derived EVs by Kupffer cells in 
mouse liver induced secretion of transforming growth 
factor-​β (TGFβ), which led to changes in the ECM that 
promoted the recruitment of metastasis-​supporting 
bone marrow-​derived macrophages and granulocytes58. 
The complex molecular and cellular composition of 
PMNs can improve the efficiency of the subsequent 
colonization and survival of pioneer metastatic cells85. 
Remarkably, depending on their tumour origin, EVs 
can target specific cells and organs in mice60. For exam-
ple, EVs derived from human breast cancer cells that 
metastasize primarily to the lung are mostly taken up 
by lung fibroblasts after intravenous injection in mice60. 
This organ specificity relies on the repertoire of integrins 
present on the surface of EVs60. However, the identity  
of the integrin ligands involved in this process, as well as 
the organ distribution of these ligands, is unknown. In 
addition, the general mechanism by which soluble and 
vesicular tumour-​derived factors cross the endothelium 

Solid stress
A stress exerted by the solid 
constituents of a tissue that 
accumulate within solid 
structural components (for 
example, extracellular matrix 
and tumour and stromal cells) 
during tumour growth.

Convective flow
A flow directed towards a 
gradient; in the case of a solid 
tumour, this is a pressure 
gradient.

Shear stress
A pressure that creates 
deformation when moving 
tangentially to a surface;  
for example, shear stress is 
generated when fluids flow 
over an endothelial surface.

Margination
A physical process that brings 
cells or vesicles close to the 
endothelial wall.

Exomeres
A type of extracellular vesicle 
that is characterized by small 
size (~35 nm) and the absence 
of a membrane; exomeres are 
enriched in metabolic enzymes 
and hypoxia-​related, 
microtubule-​related and 
coagulation proteins.

Oncosomes
A subtype of large membrane-​
derived extracellular vesicles 
(microvesicles) secreted by 
cancer cells that transfer 
oncogenic molecules to 
other cells.
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Fig. 2 | CTCs in the blood and lymphatic intravascular environment. Circulating tumour cells (CTCs) experience several 
types of flow and interact with other CTCs or blood components that influence their metastatic potential. In arterial 
vessels, high flow velocities and shear stress lead to cell fragmentation (stage 1), cell cycle arrest (stage 2) and cell death 
(stage 3). Upon reaching organ capillary beds, CTCs will encounter lower flow velocities, promoting CTC arrest through 
active cell adhesion (fast-​to-engage, low-​energy metastable adhesions followed by slow-​to-engage, high-​energy stable 
adhesions) (stage 4) or through vessels with smaller diameter that favour occlusion-​mediated arrest (stage 5). In venous 
vessels, lower flow velocities compared with arterial blood flow will favour the interaction of CTCs with other blood-​borne 
cells (stage 6). CTCs can be targeted and destroyed by natural killer (NK) cells. CTCs have developed strategies to escape 
immune surveillance and favour their arrest, such as interaction with neutrophils, platelets or cancer-​associated fibroblasts 
(CAFs) and also by travelling as clusters. Within clusters, CTCs with partial epithelial identity are observed, which will promote 
secondary organ colonization (stage 7). Low flow velocities and shear stress in the lymphatic system favour CTC survival, 
arrest, lymph node colonization and subsequent haematogenous dissemination (stage 8). EMT, epithelial–mesenchymal 
transition; EV, extracellular vesicle.
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to escape the circulation in specific organs is unclear. 
It could be linked to the capacity of tumour-​derived 
EVs to induce endothelial permeability86–88; for exam-
ple, in mouse models, melanoma-​derived EVs were 
shown to promote vascular leakiness and educate pro-​
metastatic bone-​marrow progenitor cells62 and multiple 
myeloid cells.

To date, the influence of flow forces on circulating 
tumour-​derived factors has been very poorly described. 
However, observations from 2019 show that EVs circu-
late with reduced velocities in the proximity of the vessel 
walls — which is in line with the Hagen–Poiseuille equation,  
which states that the quadratic flow velocity profile is 
maximal at the luminal centre and minimal close to 
the vessel walls — and tend to arrest in regions of low 
blood flow in zebrafish71,89. As these regions are also the 
sites of efficient extravasation of CTCs14, it is tempting 
to speculate that the seeding of PMNs by EVs at spe-
cific organs and their subsequent colonization by CTCs 
occur in regions with similar shear flow profiles. This 
hypothesis can now be investigated using novel animal 
models in CTC research, such as zebrafish embryos, that 
enable tracking of EVs in the circulation71,89 (Table 2; see 
Supplementary Table 2), which opens new avenues for 
understanding the priming of metastatic niches at high 
spatiotemporal resolution.

The intravascular journey of CTCs
CTCs use various means to enter both the lymphatic 
and the vascular circulation, and their dissemination is 
tightly linked to fluid routes90 and arterial flow profiles12 
(Figs 1a,2; Table 1). CTC dissemination can be analysed 
using a growing platform of animal models, experimen-
tal approaches and quantitative methods (Tables 2,3; 
see Supplementary Table 2), and developments in 3D 
printing technologies have now enabled the design 
of human-​like vessels at will, which are likely to pro-
vide unprecedented insights when applied to flowing  
properties of CTCs (Table 2).

Effect of flow type and vascular region on shear stress. 
Invasive tumour cells enter the lymphatic and venous 
blood vessels, which have a low velocity, laminar flow 
and fluid dynamics that are predominantly driven by vis-
cosity91; by contrast, the flow in arteries is mostly driven 
by inertia92,93 (Table 1). Within the proximity of the pri-
mary tumour, where the vasculature is capillary based, 
CTCs (and also erythrocytes18) are exposed to moderate 
shear stress due to low flow velocity. The intravascular 
flow in blood capillaries cannot be modelled solely 
using classical fluid dynamics (Table 1), but also needs 
to take into account the viscoelasticity of the endothelial– 
vascular barrier. Thus, this introduces the concept of 
fluid-​structure behaviour, with blood vessels inflating 
when the blood pressure increases due to cardiac con-
traction. The endothelium, therefore, stores energy, 
which is released by deflating and helps the propagation 
of flow pressure, lowering the cardiac work91.

Flow mechanics slightly differ between animal mod-
els and between organs (Fig. 1c; see Supplementary  
Table 1). However, we believe that some animal mod-
els, such as the zebrafish embryo, have capillary-​like 

haemodynamics that are comparable to those in human 
capillary beds, and the capillary diameter, blood velocity, 
Reynolds number and shear stress are very comparable 
between all models. As an example, we reported that 
the haemodynamic features of the zebrafish embryo 
resemble those of the human brain, demonstrating that 
the zebrafish embryo can be used as a model for track-
ing mechanisms of tumour metastasis when properly 
validated in a mammalian model14. In addition, our 
observations (using high-​resolution electron micros-
copy) show that vascular remodelling is very similar 
between the mouse and zebrafish models, which sug-
gests that similar mechanisms are used, independently of 
vascular basement membranes and ECM cross-​linking, 
and could fully rely on the similar haemodynamic  
profiles observed.

During their journey in the blood vascular system, 
some CTCs will reach the arterial circulation, where flow 
shear stress and velocities are high (Fig. 2; Table 1). Here, 
the cells might undergo deformation due to high shear 
stress, causing fragmentation and death. In addition,  
a minor proportion of CTCs are known to circulate as 
clusters in mice and humans53,94, and the trajectories of 
these clusters in the bloodstream have been shown to 
depend on their size and shape. For example, compact 
clusters (triangular or square-​shaped) will flow in closer 
proximity to the endothelial barrier than linear clus-
ters95,96. Such behaviour might increase their probability 
of engaging in adhesion with the endothelium, which can 
be further potentiated by the high density of adhesion 
proteins on CTCs97.

In regions where the vasculature undergoes ramifica-
tion, flow remains pulsatile with low velocities and is pre-
dominantly driven by the viscous contribution (Table 1), 
as defined by fluid-​structure modelling14,91. Thus, CTCs 
in flow are less exposed to shear stresses in these regions. 
Shear stress increases during intravascular arrest, which 
follows either active adhesion to the endothelium or 
occurs by mechanical trapping, as observed in mouse 
brain or lungs and rat livers13,98,99. During their journey 
in the circulation, tumour cells sense the shear stress100 of 
the flow that carries them and need to adapt their behav-
iour to arrest and extravasate. Mathematical models that 
mimic blood flow in capillaries and simulate erythrocytes 
have been developed101 and are likely to provide unprece-
dented insights into the intravascular behaviour of CTCs. 
Recent improvements in computational power now 
enable simulation of the blood flow in human pulmo
nary capillaries102, where complex erythrocyte deforma-
tion is integrated103. Such tuneable models can now be 
applied to flowing tumour cells, and have shown that 
CTCs need to adapt the stiffness of their cytoskeleton in 
a very specific manner in order to achieve full adhesion 
on the endothelial wall104. Similarly, margination pro
perties of single CTCs versus clusters of CTCs can now 
be studied105. These models include single CTCs in the 
absence of erythrocytes104, complex flows populated with 
erythrocytes that subject CTCs to margination105,106 and 
thromboembolism of CTCs107.

Thus, CTCs are subjected to various haemodynamic 
forces while in transit, the strength of which strongly 
depend on the flow type, vascular region and organ. 

Hagen–Poiseuille equation
This equation describes the 
velocity in a laminar regime for 
a viscous fluid moving in a 
cylindrical tube as a quadratic 
distribution.

Inertia
The extent to which cells and 
other material can maintain 
their motion against the flow.

Viscoelasticity
This term defines a material 
that exhibits elastic and 
viscous behaviour when placed 
under stress.

Fluid-​structure behaviour
This behaviour occurs when the 
fluid deforms a physical 
structure, which will, in turn, 
modify the fluid flow.

Ramification
A process that occurs in the 
vasculature when a stem vessel 
is branching out into two 
smaller-​sized vessels.
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Further work is needed to determine whether the 
influence of flow profiles and vascular architecture on 
CTC behaviour differs between metastatic organ sites 
(Fig. 1c; see Supplementary Table 1). However, CTCs 
have evolved mechanisms to resist and survive these 
intravascular stresses.

Impact of shear forces on CTCs. Metastatic tumour cells 
have been shown to disseminate rather efficiently from 
the primary lesion51. Interestingly, however, upon injec-
tion of tumour cells into the afferent vessel of metastatic 
organs, <4% of injected cells efficiently form micro
metastatic foci, although ~80% of the cells are thought 
to stably arrest 1 day after injection108,109. In the context 
of murine brain metastasis, only 40–60% of the arrested 
cells sustain the ripping forces of the blood flow and 
extravasate99, which suggests that the inefficiency of 
the first metastatic steps is related to an intravascular 
pre-​extravasation event. Further deleterious effects for 
metastasis are driven by the immune system110 or by 
microenvironmental niches that restrain tumour growth 
or induce dormancy90,108,109. Work in mouse models of 
breast cancer metastasis has shown that some CTCs 
develop organ-​specific survival strategies against such 
restraints (for example, upregulation of antioxidant pro-
grammes in the case of lung metastasis) to successfully 
seed secondary sites111.

CTCs suffer from shear stress and collisions that can 
induce cell cycle arrest (demonstrated for a shear stress 
of 12 Dyn cm–2)112 (Fig. 2) as well as physical damage and 
necrosis113 (caused by shear values of ≈6 Dyn cm–2 (ref.114) 
and gradually increasing with laminar shear stress115). 
Moreover, programmed cell death leading to apoptosis is 
induced by shear stress in vitro with shear values of only 
2 Dyn cm–2 (ref.116). Such low shear stress may reduce 

the metastatic efficiency. Interestingly, an oscillatory 
shear stress of ≈4 Dyn cm–2 had no effect on the death of 
human tumour cells, suggesting that the type (and dura-
tion) of flow is equally important115; of note, this remains 
largely underexplored and seems to be highly dependent 
on the cell type. Intriguingly, some CTCs can survive 
high shear values (for example, 60 Dyn cm–2 for hours)78, 
but whether they consequently develop increased meta-
static capacities remains to be explored. CTCs of various 
origins have been shown to develop survival strategies 
and, when exposed to short but intense and disruptive 
shear stress pulses in vitro, can repair their plasma mem-
brane117 through a calcium-​dependent vesicle fusion 
mechanism, which could be similar to what has been 
described in starfish oocyte118. The intravascular survival 
of CTCs also relies on the nucleus resisting shear stress, 
which can be mediated by lamin A and C114,119 or by the 
small GTPase RAC1 under the control of its guanine 
nucleotide exchange factor, T lymphoma invasion and 
metastasis-​inducing protein 2 (TIAM2: also known as 
STEF)120. Interestingly, a comparison of primary human 
breast cancer cells and CTCs suggested that flow-​
mediated DNA damage and the subsequent acquisition 
of mutations in surviving CTCs is linked to increased 
resistance to chemotherapy and metastatic seeding121.

Shear forces can even initiate signalling pathways that 
drive resistance mechanisms. For example, CTCs from 
patients with breast, prostate or lung cancer have increased 
expression of β-​globin, which protects them from the 
intracellular accumulation of reactive oxygen species 
induced by shear stress122. Similarly, flow-​dependent acti-
vation of mitochondrial superoxide dismutase (MnSOD; 
also known as SOD2) decreases levels of reactive oxygen 
species123. In addition, reversible metabolic adaptations, 
such as activation of the folate pathway, allow CTCs to 

Table 3 | Quantitative methods to probe forces associated with metastatic extravasation

Method application advantages Disadvantages

Optical tweezers 
for measuring 
haemodynamic forces 
in vivo

In vivo measurement of forces on cells, 
such as red blood cells261

Provides a direct readout of forces 
experienced by cells in the circulation; 
high fidelity ; non-​invasive

Low throughput; high cost; 
specialized skill set and equipment 
required; limited depth in vivo; 
requires intravital imaging 
compatible animal models; limited 
to forces ~100 pN

FRET biosensors Sensors that are sensitive to 
spectrin repeat stress262,263 or actinin 
tension263–265, or other molecular-​tension 
sensors266–271, are used to directly 
measure mechanical forces or response 
and adaptation thereto; biosensors 
of SRC272, FAK273 or small GTPase 
signalling274–277 to interrogate distinct 
intracellular signalling pathways upon 
biomechanical input

Single-​cell and subcellular readouts 
are achievable; reversibility of FRET 
biosensors allows detection of dynamic 
changes in biomechanical forces; 
ongoing development to increase the 
range of signalling pathways that can be 
interrogated; compatible with in vitro 
and in vivo readouts; longitudinal or 
continuous mapping of force changes 
and cellular responses

Can require advanced imaging 
and analysis setups; gauging of 
fluorescence intensity/expression 
levels is important; relatively low 
dynamic range requires careful 
calibration and experimental 
controls

Brillouin microscopy Measurement of intracellular278 
and extracellular279 biomechanical 
properties; combination with Raman 
imaging for mechanical mapping280

Label free; provides a readout of forces 
at the subcellular level; can be used to 
assess hydration status and thereby infer 
interstitial fluid level and/or pressure

Limited in vivo applications; 
very weak signal requires long 
acquisition times; complex 
interpretation of Brillouin spectra 
for highly hydrated materials

Measurement of 
haemodynamic forces 
using intravascular 
beads

Measurement of flow rate and 
turbulence experienced by cells in 
vessels by tracking injected fluorescent 
beads14

Enables visualization of flow rates 
and turbulence; allows precise 
measurements of flow velocities; 
demonstrated in live animals

Limited to regions where beads 
can perfuse from the site of 
injection; invasive method; requires 
automated image analysis

FAK , focal adhesion kinase; FRET, Förster resonance energy transfer.
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withstand oxidative stress, readily adjust to new environ-
ments and survive in transit, as described in the context 
of human melanoma xenografts124. CTCs also endure 
anoikis125, which triggers apoptosis in tumour cells upon 
loss of cell attachment to ECM components. Although 
the contribution of flow forces to anoikis has been mostly 
studied using cells in suspension and, therefore, remains 
to be fully demonstrated, several molecular mecha-
nisms have been identified. For example, cell adhesion 
proteins such as integrins126 efficiently block anoikis, as 
demonstrated in mouse models of metastasis127. Integrin 
signalling can suppress anoikis by internalizing ECM 
fragments (and their own activated integrin subunits) 
into the endosomal compartment128. In addition, anoikis 
can be blocked upstream of integrin signalling and inde-
pendently from ECM binding by zinc finger protein 304 
(ZNF304)129. Similarly, using tumour cells in suspension 
and metastasis assays in mice in the context of intestinal 
carcinoma130 and hepatocellular carcinoma131, expres-
sion of the neurotrophic receptor tropomyosin-​related 
kinase B (TRKB; also known as NTRK2) or binding of 
midkine (also known as NEGF2) to its receptor were 
shown to activate PI3K signalling, which blocks anoikis 
and increases metastasis.

Shear forces also activate other transcriptional pro-
grammes in CTCs. For instance, using microfluidic  
approaches (Table  2; see Supplementary Table 2), 
lymphatic-​like (but not vascular-​like) fluid shear stress 
was shown to promote cell migration and motility in a 
Yes-​associated protein 1 (YAP1)-dependent manner132. 
Such shear stress was also shown to support cell division 
in a transcriptional co-​activator with PDZ-​binding motif 
(TAZ)-dependent manner133, suggesting that CTCs can 
orchestrate various signalling pathways in response to 
shear forces in vitro. Whether CTCs behave similarly 
in vivo remains to be determined.

Metastatic progression is often linked to epithelial–
mesenchymal transition (EMT) at the primary tumour134 
and mesenchymal–epithelial transition upon arrival at 
the secondary site135. Interestingly, shear stress has been 
shown to trigger EMT in the context of several cancers 
in vitro136. However, CTCs tend to be very plastic and 
CTCs from patients with breast cancer, for instance, 
express both epithelial and mesenchymal markers53,137. 
Indeed, CTCs from breast or pancreatic cancer read-
ily switch between epithelial and mesenchymal states, 
further favouring their survival as well as their invasive 
and metastatic potential in a diverse range of environ-
ments138–141. How blood flow influences mesenchymal–
epithelial transition and/or EMT programmes, tumour 
cell plasticity and metastatic potential remains to be 
elucidated. Shear stress was shown to induce EMT in 
CTCs and concomitantly promote stemness with high 
tumour-​initiating potential142. This subpopulation of 
cells is characterized by decreased F-​actin assembly and 
stiffness as well as delayed adhesion, which together 
seem to promote cell survival143.

Cell–cell interactions in the blood. When transported in 
the bloodstream, CTCs are likely to interact with each 
other within the bloodstream or collide with blood com-
ponents and the vasculature walls. CTCs are not equipped 

with the strategies that allow white blood cells117,144 and 
red blood cells145,146, for example, to resist detrimental 
shear forces and are, therefore, unlikely to successfully 
form a metastatic colony. For survival, CTCs have devel-
oped methods to interact with blood components or 
exploit existing shear forces (Fig. 2).

Clustering of CTCs — which can occur at intrava-
sation, in transit or at arrest sites147 — increases their 
resistance to detrimental shear forces as well as assault 
by the immune system53 (for example, by natural killer 
cells148) (Fig. 2). CTC clusters can be polyclonal, with 
many cells undergoing only partial EMT while retaining 
some epithelial features137, including cell–cell adhesion 
mechanisms147. Interestingly, members of the cadherin 
superfamily and plakoglobin were found to be expressed 
in CTC clusters from mouse and human breast can-
cers53,149, thereby enabling stable cell–cell adhesion while 
maintaining proliferative potential. CD44 was also shown 
to mediate homophilic interaction between CTCs from 
patients with breast cancer150. In addition to mediating 
cell–cell adhesion in CTC clusters, which is instrumen-
tal for their stemness properties and resistance to shear 
forces and anoikis, CD44 is a cancer stem cell marker151 
and is characteristic of tumour-​initiating potential152.

In addition to providing pro-​survival properties, 
mathematical modelling suggests that travelling in clus-
ters increases the drag force and decreases the speed at 
which CTC clusters circulate, thereby favouring interac-
tions with endothelial cells and the intravascular arrest 
of CTCs95,96. Clusters are more likely to physically lodge 
in microvessels at distant sites before seeding metastatic 
colonies, as inferred from experiments in mice53. Of note, 
in the context of metastasis in the rat liver, this metastable 
arrest has been described as independent of integrin-​
mediated stable adhesion98 (Fig.  2). As  mechanical 
constraints imposed by vessel architecture and size con-
tribute to the arrest of CTCs99, clusters of CTCs should 
be rapidly trapped and cleared from the circulation 
before reaching distant organs. Indeed, the half-​life of 
mammary carcinoma CTC clusters in the circulation was 
lower than that of single CTCs in mice53. Surprisingly, 
however, clusters of CTCs are also capable of squeez-
ing through capillary-​sized vessels in vitro (in micro
fluidic devices) or in vivo (in zebrafish)153 (Fig. 3) and can 
resist attack from various blood-​borne immune cells125. 
Furthermore, clusters of CTCs have been shown to 
reduce their hydrodynamic resistance by forming single-​
file structures that rely on intercellular adhesive interac-
tions153. Additional work is needed to better understand 
whether the increased metastatic potency of CTC clus-
ters can be explained by an increased propensity to arrest 
and extravasate.

In addition to circulating as clusters, CTCs can 
directly interact with other cell types, such as cancer-​
associated fibroblasts154, when in transit. These cells are 
derived from the stroma of the primary tumour and can 
accompany CTCs to their secondary destination155,156. 
The interactions between CTCs and stromal cells are 
hypothesized to modify the intravascular behaviour of 
CTCs and favour metastasis154,155.

In the circulation, CTCs are no longer protected 
by the primary tumour microenvironment147 and, 

Metastable
A state of least energy until 
more external energy is added 
to the system; this state seems 
to be stable, although it is, in 
theory, unstable and capable 
of changing to a more stable 
state.
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therefore, are more exposed to immune cells (Fig. 2), 
including circulating T lymphocytes and natural killer 
cells157. Here, CTCs can interact with and co-​opt other 
circulating cell types to evade the immune system and 
drive metastasis. In mice, CTCs cluster with neutrophils 
in the bloodstream158,159 and exploit these immune cells 
to bind to and arrest on vessel endothelial walls while 
resisting shear stress158,160. These heterotypic interactions 
between CTCs, neutrophils and the endothelium are, at 
least in vitro161, mediated by a repertoire of cell adhesion 
proteins, including integrins, cadherins and cell-​surface 
glycoproteins, and might provide another druggable  
axis for targeting CTC vulnerabilities.

Furthermore, CTCs have been shown to recruit 
and activate platelets162 (which have long been impli-
cated in cancer metastasis163), the latter step also being 
dependent on blood flow164. Indeed, thrombocytopenia, 
which decreases the CTC–platelet interaction, correlates 
with reduced metastatic potency of CTCs163. Platelets 
are thought to shield CTCs against mechanical stress 
and immunosuppressive factors165,166 and further ena-
ble the binding of tumour cells to the endothelial wall 
through their natural ability to interact with P-​selectin 
glycoprotein ligand 1 (PSGL1) or platelet endothe-
lial adhesion molecule 1 (PECAM1) on endothelial 
cells167,168. Moreover, platelets can protect CTCs against 
anoikis in a YAP1-dependent manner in vitro and 

promote metastasis in mice169. In addition to their vari
ous pro-metastatic properties, platelets and specific 
platelet receptors were shown to have anti-​metastatic 
effects in murine models170,171, raising questions regard-
ing their exact contribution to metastatic onset or indi-
cating a timing-​dependent or context-​dependent role for 
platelets in the metastatic cascade. Although the contri-
bution of platelets to the metastatic potential of CTCs is 
unquestionable, additional work is needed to clarify how 
platelets behave under shear conditions with respect to 
CTCs and CTC survival.

Intravascular arrest and extravasation
In addition to intravasation and survival in the circula-
tion, successful intravascular arrest and extravasation is 
also dictated by flow-​mediated forces before metastatic 
outgrowth, and CTCs use similar ancillary mechanisms 
to co-​opt native cell types or fluid flow to facilitate  
colonization of secondary sites.

Fluid forces in intravascular CTC arrest. Metastatic 
onset depends on a plethora of molecular programmes172 
but also relies on the successful intravascular arrest 
(or intravascular growth)173 of CTCs before metastatic 
extravasation. Two main behaviours, which are not 
mutually exclusive, are responsible for the intravas-
cular arrest of single or clustered CTCs that precedes 
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low platelet count.
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metastatic outgrowth — physical occlusion in microves-
sels or capillaries, as observed, for instance, on intravital 
imaging of human lung adenocarcinoma or melanoma 
CTCs in mouse brains99, and active adhesion of CTCs to 
vessel walls, as described in various in vitro and in vivo 
models14,174,175. In some instances (for example, in the rat 
liver), physical occlusion cannot fully account for the 
efficient extravasation, suggesting that active adhesion 
between CTCs and the vascular wall upon the physical 
trapping of CTCs is still required for extravasation and 
successful metastasis98 (Fig. 3).

From a biophysical standpoint, Bell’s model provides 
an optimal framework for describing the interaction and 
adhesion between CTCs and the endothelium under 
flow176,177. Such a model takes into account the external 
fluid force as well as the homogeneously distributed 
adhesion receptors that bind to the vessel wall (that is, the 
number of physical contacts and the adhesion strength of 
contact between the CTC and the endothelial cell). When 
chemical bonds such as ligand–receptor interactions are 
subjected to external forces (including fluid flow), their 
adhesion energy has to overcome the energy of the fluid 
that is displaced. This model has been widely used to dis-
sect the molecular machineries at play during leukocyte 
attachment to vessel walls178, but the physicochemical 
requirements for CTC attachment that allow adhesion 
to overcome shear forces remain largely unclear.

Interestingly, in vitro studies have suggested that 
CTCs hijack the arrest and transmigration strategies 
used by leukocytes during rolling179 and diapedesis. 
Rolling allows leukocytes to engage adhesion molecules 
on the surface of vascular endothelial cells and, therefore, 
reduce their velocity in the flow. Microfluidics studies 
have shown that the rolling of CTCs is mediated by the 
interaction between selectins at the endothelial surface 
and various glycoproteins at the surface of CTCs of dif-
ferent origins180. In the case of leukocyte rolling, receptor 
activation and flow-​mediated endothelial stiffening181 
(owing to flow pushing on the arrested cells and pull-
ing on adhesions) will then trigger endothelial cell–cell 
junction opening and favour diapedesis182. CTCs might 
exploit similar flow-​dependent mechanisms, whereby 
they would adhere to the vessel walls by first being 
slowed down by weak adhesion forces with fast activa-
tion rates. This initial transient interaction can provide 
time to activate and engage receptors with slower activa-
tion rates but higher adhesion forces5,178,183. Recent work 
by our group has dissected the molecular machineries 
at play during the arrest of mouse mammary CTCs 
in vitro and in vivo and identified CD44 and β1 integ-
rin as key mediators of CTC arrest by counteracting the 
shear forces that detach the CTCs from the endothelium 
(as described by Bell’s model)14,184. Such stable intravas-
cular arrest markedly underpins successful metastatic 
extravasation184. Whether the forces in the blood 
favour reinforcement of the adhesion via CTC rolling 
or catch bonds remains to be studied185. The emergence 
of new quantitative tools to probe forces during CTC 
extravasation (Tables 2,3; see Supplementary Table 2)  
now enables documentation of the flow-​dependent 
intravascular arrest of CTCs at high spatiotemporal res-
olution14,186. In addition, intravascular arrest, whether 

through physical trapping or active adhesion, is likely 
to be one of the most deleterious steps for CTCs — cells 
must resist shear stress while simultaneously establishing 
a stable engagement with the endothelium168,187. Upon 
adhesion, CTCs have a finite adhesion force (that is, 
the force strength of the engaged adhesion receptor) 
to the vessel wall. Thus, CTCs are engaged in a ‘tug of 
war’ between their limited adhesion strength and the 
force that the flow exerts on them, with two possible 
outcomes. If the CTC adhesion force is weaker than 
the shear stress, the CTC cannot adhere or is washed 
away. However, if the CTC adhesion force is equal to or 
stronger than the shear stress, the cells can arrest14,184. 
In the context of intravascular injection of mammary 
carcinoma cells in zebrafish and mouse models of brain 
metastasis, a shear stress of 5–7 Dyn cm–2 favoured CTC 
arrest and, therefore, colonization14. Further work will 
be required to investigate whether such values are valid 
in the context of other organs or cell types.

In addition to influencing the ability of CTCs to arrest 
in certain vascular regions, fluid forces influence the fate 
of arrested CTCs. Indeed, shear forces challenge their 
survival at potential colonization sites and are likely to 
detach already-​adhered CTCs from the endothelium14. 
As arrested CTCs experience higher shear forces than 
CTCs that have not adhered to the endothelium188, they 
must develop mechanisms of adhesion to efficiently 
resist such forces for successful extravasation14,184,186. 
Intravital imaging of arrested tumour cells in mouse 
models of brain metastasis revealed that high shear 
forces can be deleterious to arrested CTCs99. In addition, 
intravital imaging of melanoma cells in mouse lungs 
revealed that high shear forces can fragment arrested 
tumour cells13, which will eventually recruit phagocytic 
cells that can influence metastatic onset189. Interestingly, 
arrested CTCs face mechanical constraints comparable 
to those influencing tumour cell invasion at the primary 
tumour and, therefore, could be potentially exposed 
to  the extensively studied cell-​deformation-related 
events that occur in confined spaces190. Such stresses, 
which alter nuclear morphology191–193 and influence 
gene expression and cell survival in vitro (Table 1), have 
been modelled using microfluidic approaches and could 
be a result of shear forces at sites of intravascular arrest 
(Table 2; see Supplementary Table 2). However, whether 
they are at play during the intravascular arrest of CTCs, 
especially in vivo, remains unclear.

Fluid forces in CTC extravasation. Mechanistically, CTC 
extravasation is thought to mirror immune cell extrava-
sation181, but the contribution of shear forces to this step 
remains elusive. Whether blood flow forces modulate 
this step in vivo remains unknown. The development 
and validation of new animal models and imaging  
techniques will enable assessment of the contribution of 
flow forces to metastatic extravasation in greater detail  
(Table 3). For example, in vivo chorioallantoic mem-
brane assays (Table 2; see Supplementary Table 2) show 
that cancer cell extravasation can involve cell protru-
sion (invadopodia), actomyosin contractility and secre-
tion of matrix metalloproteinases194,195. In addition, 
advances in intravital imaging models and technologies 

Bell’s model
A statistical model taking into 
account the chemical rates of 
formation and dissociation 
between ligands and receptors 
as well as the statistical 
distribution of these ligand–
receptor pairs on two cell 
surfaces when external forces 
are applied.

Diapedesis
The transmigration process by 
which circulating cells exit the 
bloodstream using either 
the transcellular (through 
endothelial cells) or the 
paracellular (between 
endothelial cells through  
cell–cell junctions) route.

Catch bonds
Receptor–ligand interactions, 
the strength and lifetime of 
which increases under applied 
force.
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(Tables 2,3; see Supplementary Table 2) now enable the 
precise study of the signalling dynamics that occur dur-
ing cancer cell extravasation (Fig. 3), as exemplified by 
the activation of SRC kinase upon the arrival of meta
static pioneer cells in the liver in a murine model of 
pancreatic cancer196.

Data suggest that shear forces can stimulate non-​
tumour components, such as platelets (observed with 
shear values of 7–8 Dyn cm–2)164 and endothelial cells 
(observed with shear values of 5–7 Dyn cm–2)14. Indeed, 
permissive flow velocities (corresponding to ~500 µm s–1) 
allow endothelial cells to migrate intraluminally in the 
presence of arrested CTCs in zebrafish or mice14,197 (Fig. 3). 
The endothelial cells progressively enwrap arrested CTCs 
and preserve or re-​establish normal perfusion while 
expelling metastatic CTCs that have survived detrimental 
shear forces out of the vessel14. Interestingly, similar flow-​
dependent mechanisms have been described in mice for 
removing blood clots from blood vessels198. Although the 
influence of shear forces on tumour cell dormancy has 
never been studied, it would be interesting in the future 
to determine whether perivascular niches199 that provide 
a chemo-​protective environment for dormant tumour 
cells200 originate from cells that have extravasated through 
flow-​dependent endothelial remodelling14 and whether 
they could be localized and, therefore, identified on the 
basis of flow profiles. In the context of lung metastasis, 
shear forces rip fragments off arrested CTCs (Fig. 3) and 
promote competition between different immune cell 
populations that ingest the resulting cytoplasts, thereby 
creating a PMN by favouring the recruitment of neutro-
phils, monocytes, macrophages and rare lung-​resident 
dendritic cells13. The resultant cytoplasts are ingested 
by several immune cell types that are recruited to that 
site and modulate the extravasation of other CTCs. 
Alternative scenarios that require coordination between 
endothelial cells and CTCs can drive metastatic extra
vasation. For example, extravasation of tumour cells has 
been described to occur via endothelial cell apoptosis 
in vitro201 and endothelial necroptosis in a mouse model 
of lung metastasis202. In addition, tumour cells can pro-
liferate intraluminally to create massive emboli that are 
surrounded by endothelial cells but that stay bound to  
the normal vessels173,197 (Fig. 3).

In summary, in addition to influencing the fate of 
CTCs, fluid forces are capable of stimulating stromal 
components that are likely to shape metastatic success.

Fluid-​targeting strategies
Advances in single-​cell molecular analysis have enabled 
the identification of strong intracellular heterogeneity 
within CTC populations203. Although such heterogene-
ity is caused by genetic instability or cellular plasticity, 
it is very likely that individual cells or clusters of CTCs 
differ between tumour types and patients and might, 
therefore, respond very differently to not only treatment 
but also fluid flows. Many pharmacological agents that 
target blood flow and blood flow mechanics have been 
approved for clinical use in, for example, the treatment 
of cardiovascular diseases. Such drugs, including anti
coagulants, β-​blockers or angiotensin-​converting enzyme 
inhibitors, might also influence cancer metastasis.

For example, the anticoagulant hirudin was shown 
to profoundly reduce CTC numbers and metastasis in 
the 4T1 mouse model of breast cancer, potentially by 
disrupting the interaction between platelets and cancer 
cells204. Similarly, local pro-​coagulative environments 
have been detected within the blood vessel lumen at 
primary and secondary tumour sites, where they might 
facilitate intravasation and extravasation, and heparins 
targeting these environments were shown to reduce 
metastasis in preclinical models205,206.

In mouse models of breast cancer, chronic stress-​
induced β-​adrenergic signalling, which increases the 
heart rate and alters blood pressure, has also been shown 
to promote metastasis while increasing blood and lym-
phatic vessel density in the primary tumour and ele-
vating the lymph flow rate in draining collectors; these 
mechanisms were all successfully targeted using the 
β-​blocker propranolol207,208. As β-​adrenergic signalling 
was also shown to increase cancer cell stiffness during 
invasion209, it is interesting to speculate about whether 
β-​adrenergic signalling can also protect CTCs from 
deformation and immune assault in the circulation. 
Interestingly, in patients with breast cancer, short-​term 
intervention using a combination of the β-blocker pro-
pranolol and the cyclooxygenase 2 (COX2) inhibitor 
etodolac during the perioperative period was sufficient 
to reduce pro-​invasive and pro-​inflammatory gene 
signatures in the tumour tissue210. Whether this tran-
sient intervention at this crucial perioperative period, 
when patients experience high levels of stress, can 
also influence CTC abundance and metastasis in the 
long term should be assessed in future preclinical and 
clinical studies.

Lastly, retrospective studies have indicated an anti-
cancer and anti-​metastatic benefit for drugs targeting the 
renin–angiotensin system, which are commonly used 
to reduce hypertension and arterial blood pressure211,212 
(reviewed elsewhere213). Interestingly, the renin– 
angiotensin system inhibitor losartan was shown to 
provide not only anti-​hypertensive but also anti-​fibrotic 
benefits by decreasing ECM levels, thereby reduc-
ing physical stress, decompressing blood vessels and 
improving interstitial flow and the delivery and efficacy 
of therapeutics in the tumour214,215 (Box 1). Similarly, we 
have previously demonstrated that transient interven-
tion with the vasodilator fasudil in a preclinical model of  
pancreatic cancer decreased both fibrosis and metastasis 
while increasing vascularization and improving the effi-
cacy of chemotherapy216. Furthermore, targeting the ECM  
component hyaluronic acid using pegvorhyaluronidase 
alfa (PEGPH20), a pegylated recombinant human hya-
luronidase enzyme, was shown to normalize IFP and 
improve vascularization and chemotherapy efficacy33.

As intravascular arrest, which is dependent on pre-
cisely balanced force interactions between CTCs and the 
endothelium, is a crucial step in metastasis, it might also 
be particularly amenable to therapeutic targeting. For 
example, fluid-​targeting agents, such as the β-​blockers 
or renin–angiotensin system inhibitors, could be used to 
manipulate vascular profiles in order to detach already-​
adhered CTCs from the endothelium. In addition, anti-
coagulants might serve to eradicate local pro-​metastatic 

Cytoplasts
Nucleus-​free portions of cells 
that are released from arrested 
circulating tumour cells when 
facing high shear forces.

Necroptosis
A process that induces cell 
death through controlled 
necrosis.
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environments within the vessel lumen to impede ini-
tial CTC arrest, while also interfering with the inter-
action between CTCs and platelets in transit, thereby  
re-​exposing CTCs to shear stress and collision.

As extensive clinical data from large prospective 
patient cohorts using fluid-​targeting agents are still 
sparse, further research will be required to determine 
the efficacy, mechanism of action and optimal timing 
for intervention and to identify patient subgroups that 
will likely benefit from these treatments.

Conclusions
The fate of tumour cells in transit and of tumour-​
associated factors during metastasis is established to be 
tightly controlled by bodily fluids and their associated 
mechanics. However, multiple challenges remain in 
fully elucidating the involvement and targeting of fluid 
mechanics in metastasis.

Fluid displacement within tumours and the under-
lying forces of the fluids are very likely to increase the 
dissemination of detectable tumour-​associated factors 
that might have strong prognostic potential. Although 
the influence of these forces on drug delivery has been 
studied extensively22 (Box 1), we believe that additional 
investigation is required to further understand how 
they promote tumour dissemination. Further work is 
also needed to address whether shear forces and fluid 
mechanics modulate the secretion and dissemination 
of tumour-​secreted factors and, therefore, the formation 
and location of PMNs and metastatic foci from distinct 
tumours. It is likely that flow routes and shear forces influ-
ence the arrest sites of soluble molecules and EVs alike, 
as they have also been shown to affect the internalization 
of small-​scale synthetic nanoparticles by endothelial cells 
in vitro217,218. In addition, fluid shear stress improves the 
efficacy of reactive oxygen species-​generating antican-
cer compounds, such as doxorubicin or cisplatin, which 
might provide an opportunity to exploit fluid mechanics 
to drive the targeted apoptosis of CTCs113. Organotropism 
and the tumour-​type distribution of secondary tumours 
(as well as other molecular factors) could result, for exam-
ple, from distinct flow profiles and vessel architecture 
within and between organs. The combination of animal 

models with intravital imaging technologies at unprece-
dented spatiotemporal resolution185 is likely to facilitate a 
major leap towards the understanding of PMN priming. 
Although the clinical relevance of the metastatic detour 
from lymph nodes to distant organs remains to be deter-
mined, it will certainly influence management decisions 
in patients. As myeloid populations can sense tumour-​
derived material that is either transported or shed by fluid 
flows71, shear forces might tune such immune recognition 
of flowing tumour cells. An improved understanding of 
how immune cell populations compete and are recruited 
at metastatic sites by fluid-​borne material could lead to 
the design of refined anti-​metastatic immunotherapeutic 
approaches. Similarly, strategies aiming to reduce flow-​
mediated pro-​metastatic endothelial remodelling should 
be explored in the future. Anti-​metastatic preventive 
interventions could also be explored based on metastasis 
predilection sites, which would target regions with per-
missive flow profiles. Finally, whether clusters of CTCs 
are better equipped than individual CTCs to co-​opt other 
blood components or to adapt to shear forces during tran-
sit and to vascular constraints at metastatic sites remains 
to be demonstrated. Improvements in the sensitivity of 
liquid biopsy analysis now enables the probing of minimal 
residual disease in cases where metastatic foci or resid-
ual tumour cells (after therapy) cannot be detected using 
conventional imaging techniques66. If combined with the 
specific detection of fluid-​dependent biomarkers within 
CTCs, CTC clusters or the interaction of CTCs with rel-
evant blood components (platelets or neutrophils), these 
methods are likely to boost the predictive and monitoring 
power of liquid biopsies.

Thus, it is increasingly clear that metastasis should be 
studied not only from biochemical and genetic perspec-
tives but also from a biomechanical angle that reveals how 
flow-​associated forces influence metastasis. Such efforts 
could improve our understanding of cancer metastasis 
while providing new methods to improve its detection 
and eradication. Further work is, therefore, needed 
to determine whether fluid mechanics can be used to 
improve the targeting of anti-​metastatic strategies.
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Endothelial remodelling
A process that represents the 
ability of endothelial cells to 
sense and respond to stimuli 
(such as fluid flow, shear stress 
and trafficking of immune cells) 
by remodelling their contact 
adhesion to move towards 
specific reorganization, leading 
to flow homeostasis.

Liquid biopsy
The collection of non-​solid 
tissues, such as blood, and 
screening it for disease-​related 
parameters, such as circulating 
tumour cells. In contrast to 
biopsy of solid internal tissues, 
liquid biopsy is minimally 
invasive and suited for 
repeated assessment in the 
same patient.
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