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Thrombotic events can herald the diagnosis of cancer, preceding any
cancer-related clinical symptoms. Patients with cancer are at a 4- to
7-fold increased risk of suffering from venous thromboembolism
(VTE), with �7,000 patients with lung cancer presenting from VTEs.
However, the physical biology underlying cancer-associated VTE
remains poorly understood. Several lines of evidence suggest that the
shedding of tissue factor (TF)-positive circulating tumor cells (CTCs)
and microparticles from primary tumors may serve as a trigger for
cancer-associated thrombosis. To investigate the potential direct and
indirect roles of CTCs in VTE, we characterized thrombin generation
by CTCs in an interactive numerical model coupling blood flow with
advection-diffusion kinetics. Geometric measurements of CTCs iso-
lated from the peripheral blood of a lung cancer patient prior to
undergoing lobectomy formed the basis of the simulations. Singlet,
doublet, and aggregate circulating tumor microemboli (CTM) were
investigated in the model. Our numerical model demonstrated that
CTM could potentiate occlusive events that drastically reduce blood
flow and serve as a platform for the promotion of thrombin generation
in flowing blood. These results provide a characterization of CTM
dynamics in the vasculature and demonstrate an integrative frame-
work combining clinical, biophysical, and mathematical approaches
to enhance our understanding of CTCs and their potential direct and
indirect roles in VTE formation.

lung cancer; venous thromboembolism; circulating tumor microem-
boli; Navier-Stokes equation; advection-diffusion equation; coagula-
tion; tissue factor

THE ASSOCIATION of cancer and cancer metastasis with the blood
coagulation system has been observed for over a century (18,
22). Tumor cells have been shown to express tissue factor (TF)

in vivo, and such tumor cells are associated with accelerated
cancer progression and metastasis in experimental models (12,
13). Tissue factor is a receptor and enzyme cofactor of the
coagulation factor (F) VII(a). In complex, TF-FVII(a) activates
the extrinsic coagulation cascade leading to the formation of
thrombin, which, through its protease activity, can polymerize
soluble fibrinogen to insoluble fibrin. Fibrin, acting in concert
with platelets, forms a hemostatic plug to halt bleeding outside
blood vessels at sites of vascular injury, while thrombin gen-
eration and fibrin formation within blood vessels results in
thrombosis, leading to cardiovascular complications such as
pulmonary embolism, myocardial infarction, and stroke (7).

In metastatic cancer, the presence of TF-positive circulating
tumor cells (CTCs) in the circulation may promote thrombin
generation and fibrin formation leading to pathological throm-
bus formation. The incidence of thrombosis in cancer is known
to correlate with cancer type and tissue of origin, suggesting
that specific aspects of cancer cells may play a role in thrombus
formation (3). In vitro, TF-positive epithelial cancer cells have
been shown to initiate blood coagulation, while blocking TF
function in these cells can reverse this effect, providing evi-
dence that the expression of TF by cancer cells may play a
pivotal role in promoting blood coagulation (2, 10, 26). Despite
evidence that suggests that CTCs are present in the blood of
patients across a multitude of epithelial carcinomas (1, 5), the
role of CTCs in cancer-associated thrombosis is poorly under-
stood.

To characterize thrombin formation by TF-positive CTCs,
we developed a numerical model coupling blood flow with
advection-diffusion kinetics of thrombin generation on the
surface of CTCs. Clinical measurements on CTCs identified in
the peripheral blood of a lung cancer patient served as the
biophysical input for these simulations. Using the high-defini-
tion (HD) CTC assay (11), we investigated CTC populations in
a lung cancer patient with a T3N0M0-staged adenocarcinoma
before, during, and after pulmonary lobectomy. The T3N0M0
staging denotes a tumor mass � 7 cm diameter, N0 � no
regional lymph node metastasis, and M0 � no distant metas-
tasis. Biophysical parameters of CTCs were measured using
noninterferometric quantitative phase microscopy (NIQPM) (19).
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Simulations were designed to mimic the bifurcated vascular
beds within the pulmonary circulation. We investigated throm-
bin generation dynamics as a function of flow, CTC size, and
CTC clustering (circulating tumor microemboli, CTM). This
work substantially adds to previous models and simulations of
coagulation processes (9) by utilizing physiologically relevant
measurements of CTCs to characterize the role of thrombin
generation at the CTC cell surface within the bloodstream.

MATERIALS AND METHODS

HD-CTC and leukocyte identification and characterization. A
45-yr-old female gave written informed consent at the UCSD Moores
Cancer Center, as approved by the internal review board. The patient,
a nonsmoker, presented with hemoptysis and was found to have an
8-cm right lower lobe mass. The mass was removed through surgical
lobectomy and, upon pathological examination, was found to be a
well differentiated adenocarcinoma of the bronchoalveolar type.
There was no evidence of vascular invasion. Following surgery, the
patient received adjuvant chemotherapy for 2 mo. No recurrence was
detected at a 3-yr follow-up examination.

To investigate potential alterations in circulating tumor cells result-
ing from surgical intervention, blood draws were collected before,
during, and immediately following surgery. At each draw, 8 ml of
peripheral blood was collected in a rare cell blood collection tube
(Streck, Omaha, NE) and processed within 24 h after phlebotomy.
CTCs were identified using the HD-CTC method, as previously
reported (11). Briefly, the HD-CTC isolation and characterization
technique consists of red blood cell lysis, after which nucleated cells
are attached as a monolayer to custom-made glass slides. Slides are
subsequently incubated with antibodies against cytokeratins (CK) 1,
4–8, 10, 13, 18, and 19 and CD45 with Alexa 647-conjugated
secondary antibody; nuclei were counterstained with DAPI.

For HD-CTC identification, an automated digital fluorescence
microscope was used to identify putative HD-CTCs. Fluorescence
images of CTC candidates were then presented to a hematopathologist
for interpretation. Cells were classified as HD-CTCs if they were both
CK-positive and CD45-negative, contained an intact DAPI nucleus
without identifiable apoptotic changes or a disrupted appearance, and

were morphologically distinct from surrounding leukocytes. Leuko-
cytes were classified according to a CK-negative, CD45-positive, or
DAPI-positive fluorescence profile (Fig. 4).

Cartesian coordinates for each HD-CTC on a slide were generated
from a fixed fiduciary marking and used to relocate the cells of interest
for optical measurements and computational mesh generation (Fig. 4).
Leukocytes located in the same field of view of HD-CTCs were
selected at random for quantitative comparison to the HD-CTC
population.

Noninterferometric quantitative phase microscopy. Cellular den-
sity of CTCs was quantified using NIQPM on an upright optical
microscope (Axio Imager; Carl Zeiss, Gottingen, Germany) equipped
with a �63/1.4 numerical aperture (NA) oil immersion objective and
an air-coupled condenser lens providing Köhler illumination at an NA
of 0.1. Through-focus bright field imagery of the cells was acquired

Fig. 1. Circulating tumor cell (CTC) populations observed at each clinical visit.
Blood draws were taken from the peripheral venous before, during, and at
follow-up to pulmonary lobectomy. During surgery, blood was sampled from
the pulmonary vein draining the surgical site. CTCs were classified immuno-
fluorescently using the high-definition (HD) CTC assay. CTCs were classified
as cytokeratin positive, DAPI positive, or CD45 negative.

Fig. 2. Noninterferometric quantitative phase microscopy (NIQPM). The
subcellular density organization of CTCs was quantified using NIQPM. A:
NIQPM uses through-focus bright field images as input to a wave model to
determine the density map. The density map is checked for self-consistency
through the numerical generation of a digital differential interference contrast
(DIC) image and validation against the true DIC image. B: density maps
corresponding to each cell type are binned into histograms to elucidate the
differential organization of the density among CTCs and white blood cells
(WBCs).
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using an illumination wavelength of 540 � 20 nm. Bright field images
of the sample field were recorded with a charge-coupled device
camera (AxioCam MRc5 12-bit camera; Carl Zeiss) under software
control by Slidebook 5.5 (Intelligent Imaging Innovations, Denver,
CO). Through-focus images were acquired in 0.1-�m increments over
a 10-�m range along the optical axis. These images formed the input
to a transport of intensity equation solver to extract phase of trans-
mitted waves through the sample from intensity measurements (6, 16).

Knowledge of the phase enables the enumeration of the projected
mass density, defined as the sum of the three-dimensional density
along the optical axis of the microscope, through the following
relationship (16, 19):

��x, y� �
���x, y�

2��
�pg ⁄ �m2� (1)

Here �(x,y) denotes the projected mass density, 	 is the illumination
wavelength, and 
 is the specific refraction increment of the cell solids
(�0.2 [ml/g]). The correct mass density map is verified by computing
the digital differential interference contrast (DIC) image as previously
described (6, 16) (Fig. 2A).

To examine cellular dry mass density parameters, histograms of
CTC subcellular density maps were constructed with bin sizes of 0.01
over the range of 0 to 2 [pg/�m2] for each cell (6). These histograms
were then normalized into probability density functions for each cell
type. From the image segmentation and histogram procedures, four
parameters were determined: area, total dry mass, dry mass density
mean, and standard deviation of the dry mass density, (Figs. 2B and
3B). Leukocytes located in the same field of view as HD-CTCs were
selected at random to serve as a control population, (Fig. 3, A and B).

CTC vascular transport and feed-forward thrombin generation:
numerical simulations in COMSOL. Numerical simulations were
performed using the COMSOL Multiphysics software package (http://

www.comsol.com). This package utilizes adaptive finite-element
mesh generation to determine numerical solutions to coupled partial
differential equations with prescribed initial and boundary conditions.

The computational domain of the model was chosen to represent
the branching arterioles of the pulmonary circulation. HD-CTCs,
imaged under DIC, were then incorporated into the computational
domain of the model through triangulation (Fig. 4). CTC singlets,
doublets, and CTM were investigated in the model.

We used the incompressible Navier-Stokes equations (15) to sim-
ulate blood flow coupled to a reaction-diffusion system to model
thrombin generation. COMSOL uses a moving triangular mesh to
track the position of the fluid-fluid interface. The fluid outside the cell
boundary represents blood, and the fluid inside represents the homog-
enized (i.e., spatially averaged) inner contents of the cell. The con-
centration fields of thrombin generation associated with each cell are
modeled via the advection-diffusion equations coupled to the Navier-
Stokes solver, with reaction kinetics initiated on the outer cell surface.

The model incorporates CTC membrane deformability by imposing
a surface tension criterion at the interface between the two fluids
(outer cell/inner cell). The surface tension is inversely proportional to
the deformability of the cell, meaning a lower value of surface tension
results in a more deformable interface. The fluid flow physics we
specify in our model is a laminar two-phase flow, which models the
laminar flow between two immiscible fluids. Boundary conditions at
the blood vessel walls are the viscous no-slip conditions, and at the
cell wall, the velocity of the blood is equal to the velocity of the cell
wall boundary. Boundary conditions for the concentration field at the
vessel wall and cell walls are the no penetration conditions (Neumann
boundary conditions).

Parameters of the model were chosen to match those found in the
literature. The density (�) and dynamic viscosity (�) for the fluid
velocity field are chosen to match values for blood at body tempera-

Fig. 3. Subcellular density metrics of CTCs and WBCs across clinical time points. Throughout, to denotes presurgery peripheral, t1a denotes during surgery
pulmonary vein, t1b denotes during surgery peripheral, t2 denotes postsurgery peripheral. A: probability density functions of the subcellular density measured for
CTCs and WBCs. B: biophysical properties determined from both image segmentation and the first- and second-order statistics of the probability density
functions. St. Dev., standard deviation. *P � 0.05 with respect to WBCs.
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ture: � � 1,060 kg/m3 and � � 3 � 10�3 Pa·s. Blood flow assumes
a parabolic flow profile (Poiseuille flow) at the inlet, and a pressure
gradient field drives the flow. The density of the cell was determined
using NIQPM-based measurements. The dynamic viscosity of the cell
is set to �cell � 1.36 Pa·s, which is three orders of magnitude greater
than that of blood. We used reported diffusion coefficients of �2 �
10�7 cm2/s for coagulation factors in the blood, �10 �m2/s for
thrombin (4).

Statistical analysis. For NIQPM studies, the Jarque-Bera test was
used to evaluate normality of all parameters. One-way analysis of
variance with Bonferroni post hoc correction was used to assess
statistical significance among parameters across multiple normally
distributed cell parameters. The Kruskal-Wallis test was used to assess
significance among non-normally distributed parameters. P 	 0.05
was considered significant.

RESULTS

Biophysical characterization of the subcellular architecture
of CTCs obtained before, during, and after pulmonary
lobectomy. To obtain a clinical snapshot of CTC dynamics, we
utilized the HD-CTC assay to both count and visualize CTCs
in blood draws obtained before, during, and after pulmonary
lobectomy. The HD-CTC assay revealed that CTCs circulated
at concentrations of 373 [CTCs/ml] (presurgery, peripheral),
50.9 [CTCs/ml] (during surgery, pulmonary vein), 100.4
[CTCs/ml] (during surgery, peripheral), and 72.4 [CTCs/ml]
(postsurgery, peripheral). Moreover, we observed the presence
of circulating singlet, doublet, and CTM aggregate (�2 cells/
event) CTCs at each clinical time point (Fig. 1), despite the
N0M0 staging of the tumor. The highest percentage of clusters
was observed in blood draws obtained during surgery in

samples from the pulmonary vein draining the surgical site
(Fig. 1).

To evaluate the biophysical properties of CTCs across clin-
ical time points, we utilized label-free quantitative imagery,
NIQPM, to determine the spatial dependence of the projected
dry mass density (Fig. 2). Dry mass density maps were then
converted to histograms to elucidate the subcellular density
distribution (Fig. 3A). Leukocytes from the same field of view
were selected at random and similarly quantified as a positive
control across the clinical time points. Next, the total cellular
dry mass, the mean dry mass density, density fluctuations,
and area were quantified for both CTCs and white blood
cells (Fig. 3B).

Area, mass, mean density, and the standard deviation of the
density were conserved across clinical time points, indicating
the absence of cellular alterations arising from blood collection
and preparation for imaging. The physical properties of CTCs
obtained in peripheral blood draws were conserved across
clinical time points, while those obtained during surgery from
the pulmonary vein had increased area, dry mass, dry mass
density, and density fluctuations (Fig. 3B).

Numerical evaluation of the procoagulant activity of CTCs
under Poiseuille flow. To define the role of CTC geometry in
regulating the physical biology of the procoagulant activity of
CTCs, a numerical model was constructed to model two-
dimensional (2D) CTC vascular transport. Subsequent to HD-
CTC immunofluorescent identification, CTCs were imaged
under DIC microscopy to visualize their full physical extent
(Fig. 4). A computational mesh consisting of 1,900, 1,210, and
4,165 triangular domain elements for singlet, doublet, and

Fig. 4. Image segmentation for fluid dynam-
ics simulations. CTCs are first identified im-
munofluorescently using the HD-CTC assay
(left) and then imaged under differential in-
terference contrast to delineate the full bor-
ders of the cell (middle). A computational
mesh consisting of 1,900 (singlet), 1,210
(doublet), and 4,165 (cluster) domain ele-
ments is then generated to model CTC prop-
agation in a bifurcated vascular geometry
(right).
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cluster CTC geometries, respectively, was then generated, (Fig.
4). To model the vasculature of the lung, CTC transport was
modeled numerically in an arteriole branching into two 40-�m
channels from a single 80-�m channel (Fig. 4).

Our numerical model of CTC transport through the vascu-
lature demonstrated that large clusters are capable of vascular
plugging while smaller clusters tumble during flow and thus
experience multiple interactions with the vessel wall. We
observed that CTC clusters were large enough to temporally
occlude the vessel juncture (Fig. 5), which slows the velocity
field down enough to enable an increase in local thrombin
generation levels (Fig. 6). This was further evidenced by the
decreasing values of thrombin flux as a function of CTM size
(Fig. 7). These conclusions are robust to changes in model
parameters.

DISCUSSION

The primary cause of cancer-related death is due to metas-
tasis, the spread and subsequent colonization of distant tissues
by cancer cells from the primary tumor (18). The presence of
circulating tumor cells (CTCs) in the vasculature has been
implicated in the metastatic cascade of epithelial tumors, as
CTCs accompany metastatic disease across all major types of
carcinomas. Recently, the discovery that the number of CTCs
in peripheral blood is predictive of overall survival in non-
small cell lung cancer (NSCLC) has suggested that CTC
enumeration may serve as an additional biomarker for moni-
toring, staging, and prognosticating NSCLC (14).

Approximately 3% of lung cancer patients develop VTE
within 2 yr of diagnosis, with the occurrence of VTE confer-
ring a higher risk of death. With the diagnosis of 1.6 million
new cases of lung cancer each year, 220,000 of these occurring

in the US, the development of VTE in lung cancer patients
represents a significant source of morbidity and mortality (21).
Despite the ongoing presence of VTE in lung and other
epithelial cancers, the pathomechanisms underlying cancer-
associated VTE remain poorly understood.

To reduce the burden and effects of VTE among patients
with cancer, it is important to identify those individuals at
highest risk of VTE who would benefit from thromboprophy-
laxis. Epidemiological and clinical studies have focused on
identifying patient parameters that are predictive of symptom-
atic VTE (8); these parameters include the site of the cancer,
prechemotherapy platelet count, hemoglobin levels, prechemo-
therapy leukocyte count, and body mass index. Furthermore, it
is appreciated that lung cancer patients receiving chemother-
apy, in the absence of surgical intervention, are eight times
more likely to develop pulmonary embolism (PE), whereas
those patients who received surgery are three times more likely
to develop PE compared with cancer-free controls (25). To-
gether with the finding that CTCs can predict overall survival
in lung cancer, these clinical vignettes suggest a role for CTCs
in the onset and development of pathological thrombi.

To date, guidelines for the management of VTE in cancer
have yet to take into account CTC enumeration, owing in part
to the difficulty of accessing these cells. Here, we utilized the
HD-CTC assay and label-free microscopy approaches to eval-
uate the role of CTCs in a model of intravascular thrombin
generation. Using the HD-CTC assay we obtained a clinical
portrait of CTC dynamics in a lung patient undergoing lobec-
tomy. We observed �20 CTCs in blood draws at all time
points, despite the N0M0 staging of the tumor. To investigate
the thrombotic potential of these cells, we developed a numer-
ical model coupling advection-diffusion kinetics with CTC

Fig. 5. Fluid dynamic simulations of CTC
dynamics under flow. CTCs are propagated
under parabolic flow in a bifurcated vascular
geometry with no-slip boundary conditions.
The blood velocity field (concentration sur-
face plot) with velocity vectors (black ar-
rows) is presented with CTC geometry su-
perimposed. Positions of each CTC within
the model vasculature are reported for t � 0,
0.4, and 0.8 s.
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transport under Poiseuille flow conditions through a branched
vascular geometry indicative of lung capillary beds. This
model builds on our previous model of thrombin generation
that relied on treating each cell as a point particle (9), and thus

was unable to account for cell shape or deformability. More-
over, our previous model was constrained by inviscid boundary
conditions (9), which allowed us to use analytical methods
(Green’s function formulation) to study concentration fields

Fig. 6. Simulation of thrombin generation
initiated by CTCs under flow. Advection-
diffusion simulation of thrombin concentra-
tion fields with diffusion coefficient of 10
�m2/s. Thrombin levels are shown to prop-
agate outward from the CTC and collect at
vessel walls.

Fig. 7. Simulation of thrombin gradient
away from CTCs under flow. Advection-
diffusion simulation of thrombin flux with
diffusion coefficient of 10 �m2/s. Thrombin
flux is shown to propagate outward from the
CTC whereupon it interacts strongly with
the flow field, resulting in fluxes projected
along flow contours.
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generated by point particles in uniform flow. The model
presented in the current study overcomes several limitations as
follows: 1) CTCs are treated as 2D objects, with physical
parameters established from patient-derived CTCs; 2) CTCs
are deformable; 3) the boundary conditions on both CTCs and
walls are viscous; 4) the vessel geometries are branched; 5)
inclusion of viscous boundary conditions allows the study of a
Poiseuille flow field (parabolic), with boundary layers re-
solved; and 6) a COMSOL Multiphysics package was used,
which produces a deforming finite-element mesh to resolve the
flow around the CTCs and walls, and track the concentration
fields. Our simulations demonstrate that singlet CTCs and
small clusters are mobile sources of thrombin generation.
Larger CTM can be temporarily slowed by the vascular junc-
tures resulting in the 1) reduction of the velocity field (Fig. 5)
and 2) a local increase in thrombin generation (Fig. 6). This
potentially pathological thrombin buildup could provide a
physical basis for VTE in cancer.

While correlative studies are invaluable in identifying new
approaches in the clinic, probing the physics of cancer (20) to
elucidate predictive models of cancer-associated thrombosis is
also essential to the development of new strategies to address
VTE. Our limited case report on a single patient suggests that
testing the hypothesis that CTC count (9, 22–24) and CTC
geometry (5, 17, 19) could potentially aid in stratifying patients
for continued thromboprophylaxis following surgery and/or
concurrent with chemotherapy. Further clinical data will be
required to establish the role of CTCs in VTE.
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