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(57) ABSTRACT 

The present disclosure includes millifluidic cephalic arch 
(mCA) device having a patient-specific vessel that includes 
an outer surface; an inner surface that defines a vessel lumen 
extending through the patient-specific vessel and configured 
to correspond to a patient's Cephalic vein, and a curved 
section. 
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Model a venous cephalic arch of a patient at time-points using patient-specific 
imaging data for computational flow simulations 

202 

l 
Fabricate, validate and/or characterize fluid dynamics in millifluidic cephalic 

arch devices 
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Endothelialize device and evaluate vein endothelium erosion and thrombotic 
nucleation at patient-specific flow conditions to create a predictive model for 

vein thrombosis 
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MILLIFLUIDIC SYSTEM FOR THROMBOSIS 
ANALYSIS UNDER PATIENT-SPECIFIC 

PHYSIOLOGICAL CONDITIONS 

CROSS-REFERENCE FOR RELATED 
APPLICATIONS 

[0001] This application claims the benefit of priority of 
U.S. Provisional Patent Application No. 62/890,642 filed 
Aug. 23, 2019, which is hereby incorporated by reference in 
its entirety. 

FIELD OF INVENTION 

[0002] The present invention relates generally to appara­
tuses and methods for predicting blood clot formation, and 
more specifically, but not by way of limitation, to patient 
specific millifluidic models that may be suitable for predict­
ing a high-risk location of thrombosis formation in the 
Cephalic arch. 

BACKGROUND 

[0003] End-Stage renal disease (ESRD) occurs as your 
kidneys are no longer able to filter waste products as they 
should to meet your body's needs. With end-stage renal 
disease, you need dialysis or a kidney transplant to stay 
alive. Because of the long wait times for kidney transplants, 
dialysis is often the only option for patients with ESRD. 
Hemodialysis is a form of dialysis in which an artificial 
kidney (hemodialyzer) is used to remove waste, extra chemi­
cals and fluid from your blood. To get your blood into the 
artificial kidney, the doctor needs to make an access (en­
trance) into your blood vessels. 
[0004] Vascular access in ESRD patients for hemodialysis 
treatment is routinely and best provided by an arteriovenous 
fistula (AVF), the most popular being the brachiocephalic 
fistula (BCF). Vascular access to the BCF is almost exclu­
sively limited to the Cephalic vein. ESRD and hemodialysis 
often lead to complications with thrombus formation such as 
an increased risk of deep vein thrombosis, pulmonary 
emboli, and frequently, vascular access thrombosis. The 
failure rate of AVF is in hemodialysis is high and often is due 
to thrombosis. Unfortunately, thrombosis of an AVF, par­
ticularly in the cephalic vein arch for BCF, leads to access 
failure. In tum, failed access leads to missed hemodialysis 
sessions causing electrolyte imbalance, hospitalizations, 
radiologic interventions, surgical revision and contributes to 
the morbidity, mortality and enormous financial burden of 
providing hemodialysis for ESRD patients. Currently, tra­
ditional therapies such as anticoagulants and antiplatelet 
drugs have been unsuccessful in treatment and prevention of 
venous thrombosis in AVFs. 
[0005] Similarly, there is no a clear understanding of the 
hemodynamics influence on the clot formation in an AVF 
cephalic arch context. Generally, research of thrombus for­
mation in an AVF cephalic arch is limited to two-dimen­
sional models, such as venograms or other computational 
models, due to risks associated with testing the AVF on an 
actual patient. 

SUMMARY 

[0006] The present disclosure is generally related to sys­
tems, devices, and apparatuses for modeling thrombus for­
mation in an AVF, such as a brachiocephalic fistula (BCF). 
Some configurations of the present invention include a 
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millifluidic Cephalic Arch (mCA) system for three-dimen­
sional modeling of hemodynamical, geometrical, and 
endothelial factors on thrombus formation in an AVF. In 
some configurations, the mCA system includes a millifluidic 
cephalic arch (mCA) device comprising a patient-specific 
vessel extending from a proximal end to a distal end to 
model the geometrical complexities of a patient's AVF. The 
vessel may include an inner surface defining a vessel lumen 
extending through the vessel from the proximal end to the 
distal end, the inner surface configured to correspond to a 
patient's Cephalic vein at a first predetermined time. In some 
such configurations, inner surface may comprise a curved 
section that is nearer the vessel distal end than the vessel 
proximal end to simulate a Cephalic arch of the patient. In 
some configurations, vessel lumen defines a a first section 
including an inlet, a second section including an outlet, and 
a curved section positioned between the first section and the 
second section. The c curved section may be nearer the 
vessel distal end than the vessel proximal end. In some 
configurations, the second section includes a length that is 
less than or equal to the first section. In some configurations, 
the mCA system includes a fluid source configured to be in 
fluid communication with the mCA device to deliver fluid to 
the proximal end of the vessel based on patient-specific 
hemodynamics. Some configurations further comprise, a 
control system that includes, one or more sensors configured 
to detect a plurality of parameters of the inner surface of the 
vessel and the fluid flowing through the mCA device, an 
imaging device configured to capture at least a portion of the 
inner surface while the fluid is flowing through the mCA 
device under patho-physiological parameters such as veloc­
ity, viscosity, pulsatility, and a controller coupled to the one 
or more sensors and the imaging device, the controller 
configured to analyze the plurality of parameters. 

[0007] In some configurations, the inner surface of the 
mCA device comprises endothelium to accurately measure 
the impact the fluid flowing through the vessel has on 
thrombus formation. For example, the endothelium can 
comprise human umbilical vein endothelial cells to mimic a 
blood vessel of a patient. In some of the foregoing configu­
rations, one or more sensors and/or an imaging device are 
configured to detect a plurality of parameters including 
geometric parameters, homodynamic parameters, and 
endothelial parameters. In some such configurations, the 
geometric parameters comprise: a vessel lumen diameter, an 
angle of curved section, and length of vessel; the homody­
namic parameters comprise: physical properties of the fluid, 
pulsatility, fluid pressure, fluid flow rate, fluid velocity, 
Doppler flow velocity, Reynolds number, inner surface shear 
stress, and spatial identification of recirculation pools; and 
the endothelial parameters comprise von Willebrand factor 
(VWF), P-selectin, cell viability, and nitric oxide levels. In 
some configurations, the controller is configured analyze 
geometric, homodynamic, and endothelial parameters to 
determine a location of the inner surface with a highest risk 
of contributing to thrombosis. In some such configurations, 
the control system may identify one or more relevant factors, 
from the geometric parameters, homodynamic parameters, 
and endothelial parameters that contribute to the thrombus 
formation. In some of the foregoing configurations, the fluid 
comprises a blood-mimicking fluid (BMF) or blood. 

[0008] In some configurations, the mCA system includes 
a second mCA device. In some such configurations, the 
second mCA device includes a second patient-specific vessel 
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extending from a second proximal end to a second distal 
end. In some configurations, the vessel includes a second 
outer surface, a second inner surface that defines a second 
vessel lumen extending through the second vessel from the 
second proximal end to the second distal end. In such 
configurations, the second inner surface corresponds to the 
patient's Cephalic vein after second predetermined time. In 
some configurations, the second mCA device includes a 
second curved section that is nearer the second vessel distal 
end than the second vessel proximal end. 
[0009] Some configurations of the present invention 
include a mCA device comprising a patient-specific vessel 
extending from a proximal end to a distal end. In some such 
configurations, the vessel includes an inner surface defining 
a vessel lumen extending through the vessel from the 
proximal end to the distal end, the inner surface configured 
to correspond to a patient's Cephalic vein and a curved 
section that is nearer the vessel distal end than the vessel 
proximal end. In some configurations, the inner surface of 
the mCA device comprises endothelium. In such configu­
rations, the endothelium may include or correspond to 
human umbilical vein endothelial cells. 
[0010] In some of the foregoing configurations, the mCA 
device includes an inlet tube coupled to the proximal end of 
the vessel, an outlet tube coupled to the distal end of the 
vessel, and a fluid source coupled to the inlet tube and the 
outlet tube, the fluid source configured to supply a fluid from 
the proximal end. In some such configurations, the fluid 
comprises a fluorescent material. In some of the present 
configurations, the vessel comprises an optically transparent 
polymer. In some configurations, the inner surface is cus­
tomized as a function of preoperative imaging of the 
patient's Cephalic vein. In some of the foregoing devices, 
the curved section defines an angle that is between 65 and 
155 degrees. In some configurations, the curved section 
defines a normalized radius of curvature that is between 1 
and 15. 
[0011] Some configurations of the present invention 
include a method of using the mCA system. Some such 
configurations, include a method of forming a patient­
specific mCA device. In some configurations, the method 
includes preparing a three-dimensional venous cephalic arch 
model from patient-specific imaging data and fabricating a 
three-dimensional cephalic arch mold. Some such methods 
further include endothelializing the three-dimensional 
cephalic arch model. In some methods, the three-dimen­
sional cephalic arch mold defines a venous conduit that 
corresponds to the three-dimensional venous cephalic arch 
model. In some configurations, the venous conduit includes 
an inlet and an outlet, the inlet configured to be coupled to 
a fluid source to deliver fluid through the venous conduit. 
Some methods may include using the formed patient-spe­
cific mCA device to measure flow parameters, identify 
high-risk regions, and/or create patient-specific dialysis 
treatments. 
[0012] The term "coupled" is defined as connected, 
although not necessarily directly, and not necessarily 
mechanically; two items that are "coupled" may be unitary 
with each other. The terms "a" and "an" are defined as one 
or more unless this disclosure explicitly requires otherwise. 
The term "substantially" is defined as largely but not nec­
essarily wholly what is specified (and includes what is 
specified; e.g., substantially 90 degrees includes 90 degrees 
and substantially parallel includes parallel), as understood 
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by a person of ordinary skill in the art. In any disclosed 
configuration, the term "substantially" may be substituted 
with "within [a percentage] of' what is specified, where the 
percentage includes 0.1, 1, 5, and 10 percent. 
[0013] Further, an apparatus or system that is configured 
in a certain way is configured in at least that way, but it can 
also be configured in other ways than those specifically 
described. 
[0014] The terms "comprise" (and any form of comprise, 
such as "comprises" and "comprising"), "have" (and any 
form of have, such as "has" and "having"), and "include" 
(and any form of include, such as "includes" and "includ­
ing") are open-ended linking verbs. As a result, an apparatus 
that "comprises," "has," or "includes" one or more elements 
possesses those one or more elements, but is not limited to 
possessing only those elements. Likewise, a method that 
"comprises," "has," or "includes" one or more steps pos­
sesses those one or more steps, but is not limited to pos­
sessing only those one or more steps. 
[0015] Any configuration of any of the apparatuses, sys­
tems, and methods can consist of or consist essentially 
of-rather than comprise/include/have-any of the 
described steps, elements, and/or features. Thus, in any of 
the claims, the term "consisting of' or "consisting essen­
tially of' can be substituted for any of the open-ended 
linking verbs recited above, in order to change the scope of 
a given claim from what it would otherwise be using the 
open-ended linking verb. 
[0016] The feature or features of one configuration may be 
applied to other configurations, even though not described or 
illustrated, unless expressly prohibited by this disclosure or 
the nature of the configurations. 
[0017] Some details associated with the configurations 
described above and others are described below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The following drawings illustrate by way of 
example and not limitation. For the sake of brevity and 
clarity, every feature of a given structure is not always 
labeled in every figure in which that structure appears. 
Identical reference numbers do not necessarily indicate an 
identical structure. Rather, the same reference number may 
be used to indicate a similar feature or a feature with similar 
functionality, as may non-identical reference numbers. The 
figures are drawn to scale (unless otherwise noted), meaning 
the sizes of the depicted elements are accurate relative to 
each other for at least the configuration depicted in the 
figures. 
[0019] FIG. 1 is a diagram of an example of a first 
configuration of a millifluidic Cephalic Arch (mCA) system. 
[0020] FIG. 2A is a longitudinal cross-sectional view of 
the mCA device of FIG. 1. 
[0021] FIG. 2B is a lateral cross-sectional view of the 
mCA device of FIG. 1 taken about axis 2B-2B. 
[0022] FIG. 3 is block diagram of the container of FIG. 1. 
[0023] FIG. 4 is a diagram of an example of a second 
configuration of a mCA system. 
[0024] FIGS. SA-5B illustrates lateral cross-sectional 
views of an example of first mCA devices. 
[0025] FIGS. SC-SD illustrates lateral cross-sectional 
views of an example of second mCA devices. 
[0026] FIG. 6 illustrates a flow diagram of an example of 
a method of operating a container. 
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[0027] FIG. 7 is a diagram of another example of a mCA 
system. 
[0028] FIGS. 8A-8B illustrates 2D venogram preoperative 
images and 3D IVUS preoperative images, respectively, 
taken from a patient's Cephalic Arch. 
[0029] FIG. 9A is an example of a digital 3D Cephalic 
Arch (CA) model. 
[0030] FIGS. 9B-9C are a velocity profile and wall pres­
sure profile, respectively, of the digital 3D CA model of FIG. 
9A according to patient specific flow parameters. 
[0031] FIG. lOA is another example of a digital 3D CA 
model. 
[0032] FIGS. 10B-9C show a velocity profile and a wall 
pressure profile, respectively, of the digital 3D CA model of 
FIG. lOA according to patient specific flow parameters. 
[0033] FIG. 11 is an example of a digital fabrication model 
of a mCA device. 
[0034] FIGS. 12A-B show an example of a printed mCA 
device according to the digital fabrication model of FIG. 11. 
[0035] FIGS. 13A-B show a connection junction of the 
printed mCA device of FIGS. 12A-B and a fluid distribution 
system. 
[0036] FIG. 14A is a digital 3D CA model of the printed 
mCA device of FIGS. 12A-B. 
[0037] FIG. 14A is an original digital 3D CA model that 
was used to fabricate the printed mCA device of FIGS. 
12A-B. 
[0038] FIG. 15A is a plot of measurements taken from the 
digital 3D CA model of FIG. 14A and the digital 3D CA 
model of FIG. 14B. 
[0039] FIGS. 15B-D are correlation plots between the 
measurements shown in FIG. 15A. 
[0040] FIG. 16A illustrates an illustrative process for 
fabricating an example of a mCA device. 
[0041] FIGS. 16B-16D are optical images of fluorescent 
tracer particles under flow in the mCA device of FIG. 16A 
obtained at 4x magnification and 60, 120 and 240 msec 
exposures, respectively. 
[0042] FIG. 16E is an optical image of the fluorescent 
tracer particles in a bend region of the mCA device of FIG. 
16A. 
[0043] FIGS. 17A-E illustrate local wall shear stress char­
acterizations of a mCA device at five different locations. 
[0044] FIG. 18A is an example of a digital 3D CA model 
taken from a first patient at a first time. 
[0045] FIGS. 18B-18C are a wall pressure profile and a 
velocity profile, respectively, of the digital 3D CA model of 
FIG. 18A. 
[0046] FIG. 18D is an example of a digital 3D CA model 
taken from the first patient at a second time. 
[0047] FIGS. 18E-18F are a wall pressure profile and a 
velocity profile, respectively, of the digital 3D CA model of 
FIG. 18D. 
[0048] FIG. 19A is an example of a digital 3D CA model 
taken from a second patient at a first time. 
[0049] FIGS. 19B-19C are a wall pressure profile and a 
velocity profile, respectively, of the digital 3D CA model of 
FIG. 19A. 
[0050] FIG. 19D is an example of a digital 3D CA model 
taken from the second patient at a second time. 
[0051] FIGS. 19E-19F are a wall pressure profile and a 
velocity profile, respectively, of the digital 3D CA model of 
FIG. 19D. 
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[0052] FIG. 20A is an example of a digital 3D CA model 
taken from a third patient at a first time. 
[0053] FIGS. 20B-20C are a wall pressure profile and a 
velocity profile, respectively, of the digital 3D CA model of 
FIG. 20A. 
[0054] FIG. 20D is an example of a digital 3D CA model 
taken from the third patient at a second time. 
[0055] FIGS. 20E-20F are a wall pressure profile and a 
velocity profile, respectively, of the digital 3D CA model of 
FIG. 20D. 
[0056] FIG. 21A is an example of a digital 3D CA model 
taken from a fourth patient at a first time. 
[0057] FIGS. 21B-21C are a wall pressure profile and a 
velocity profile, respectively, of the digital 3D CA model of 
FIG. 21A. 
[0058] FIG. 21D is an example of a digital 3D CA model 
taken from the fourth patient at a second time. 
[0059] FIGS. 21E-21F are a wall pressure profile and a 
velocity profile, respectively, of the digital 3D CA model of 
FIG. 21D. 
[0060] FIG. 22A is an example of a digital 3D CA model 
taken from a fifth patient at a first time. 
[0061] FIGS. 22B-22C are a wall pressure profile and a 
velocity profile, respectively, of the digital 3D CA model of 
FIG. 22A. 
[0062] FIG. 22D is an example of a digital 3D CA model 
taken from the fifth patient at a second time. 
[0063] FIGS. 22E-22F are a wall pressure profile and a 
velocity profile, respectively, of the digital 3D CA model of 
FIG. 22D. 

DETAILED DESCRIPTION 

[0064] Referring to FIG. 1, an example of a millifluidic 
Cephalic Arch (mCA) system is shown and generally des­
ignated 10. In some configurations, mCA system 10 may be 
used to assess and target thrombus formation under hetero­
geneous patient-specific physiological conditions. Specifi­
cally, mCA system 10 is used to analyze venous thrombosis 
of arteriovenous fistulas in patients with End-Stage Renal 
Disease (ESRD). In the depicted configuration, mCA system 
10 includes a millifluidic Cephalic Arch (mCA) device 14, 
a fluid source 18, and a control system 22. Each component 
of mCA system 10 ( e.g., 14, 18, 22) may be coupled to one 
or more other component(s) of the mCA system. 
[0065] In the depicted configurations, mCA device 14 
includes a vessel 26 and one or more tubes 30. In some 
configurations, vessel 26 extends from a first end 34 to a 
second end 36 and comprises an outer surface 40, an inner 
surface 44, and a curved section 48. As shown, first end 34 
(e.g., proximal end) is opposite second end 36 (e.g., distal 
end). In some configurations first end 34 is associated with 
an inlet of vessel 26 and second end 36 is associated with an 
outlet of the vessel. In the depicted configuration, outer 
surface 40 and inner surface 44 each extend from first end 
34 to second end 36. As shown, outer surface 40 may define 
an exterior of vessel 26 and inner surface 44 defines a vessel 
lumen 52 extending though vessel 26 from first end 34 to 
second end 36. For example, vessel lumen 52 may extend 
from a first opening (e.g., 56) defined by inner surface 44 at 
first end 34 to a second opening (e.g., 56) defined by inner 
surface 44 at second end 36. In other configurations, vessel 
26 may comprise any suitable structure such that inner 
surface 44 may define vessel lumen 52. For example, outer 
surface 40 may be comprise a block of transparent material 
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(e.g., PDMS) and having a negative mold (e.g., 52) defined 
by an inner surface (e.g. 44) that is configured to mimic 
geometric properties of a blood vessel ( e.g., cephalic vein). 

[0066] Curved section 48 may comprise a portion of 
vessel 26 (e.g., inner surface 44) that is arcuate. In some 
configurations, curved section 48 may be positioned nearer 
second end 36 than first end 34; however, in other configu­
rations, curved section 48 may comprise any portion of 
vessel 26 between outer first end 34 and second end 36. In 
some configurations, curved section 48 connects a first 
portion 60 of vessel 26 extending in a first direction 62 to a 
second portion 64 of the vessel that extends in a second 
direction 66. For example, first direction 62 may correspond 
to a longitudinal axis of vessel lumen 52 along first portion 
60 and second direction 66 may correspond to the longitu­
dinal axis of the vessel lumen 52 along second portion 64. 
As shown, first direction 62 is angularly disposed relative to 
second direction 66 by an angle 70 that is greater than or 
equal to any one of, or between any two of: 50, 60, 65, 70, 
80, 90, 100, 110, 120, 130, 140, 150, 155, 160, or 165 
degrees. In some configurations, angle 70 may comprise a 
normalized radius of curvature, that is greater than or equal 
to any one of, or between any two of: 1, 2, 3, 4, 5, 6, 7, 8, 
9, 10, 11, 12, 13, 14, or 15. Normalized radius of curvature 
may be defined as the radius of curvature of curved section 
48 over vein diameter (e.g., inner diameter 104 at curved 
section 48). 
[0067] In the depicted configuration, tubes 30 comprise a 
channel 7 4 that extends from a first end 78 of the tube to a 
second end 80 of the tube. In some configurations, tubes 30 
may be coupled to first end 34 and/or second end 36 of 
vessel 26. As shown, a tube (e.g., 30) may be coupled to 
vessel 26 at first end 34 and second end 36. For example, a 
first end ( e.g., 78) of a first tube ( e.g., inlet tube 30a) is 
connected to first end 34 of vessel 26 and a first end ( e.g., 
78) of a second tube (e.g., outlet tube 30b) is connected to 
second end 36 of the vessel. In some configurations, inlet 
tube (e.g., 30a) is configured to supply a fluid to vessel 
lumen 52 at first end 34 and outlet tube (e.g., 30b) is 
configured to deliver the fluid away from the vessel lumen 
at second end 36. In some configurations, tube(s) 30 are in 
fluid communication with vessel 26 to define at least a 
portion of the flow path of mCA device 14 or mCA system 
10. To illustrate, tube(s) 30 are positioned such that channel 
(s) 74 of each tube extends substantially along a longitudinal 
axis ( e.g., 62 or 66) of vessel 26 to connect the channel to 
vessel lumen 52. The mCA device 14 can be utilized to 
better predict venous stenosis and thrombosis associated 
with dialysis in the cephalic vein compared to two-dimen­
sional models that traditionally fail to account for blood 
pressure or pulsatility parameters. 

[0068] Fluid source 18 may be coupled to mCAdevice 14. 
In some configurations, fluid source 18 is in fluid commu­
nication with mCA device 14 and configured to deliver a 
fluid to vessel 26. As shown, fluid source 18 may be coupled 
to an inlet tube ( e.g., 30a) to deliver fluid through the tube 
to vessel lumen 52. In other configurations, fluid source 18 
may be coupled directly to first end 34 ( e.g., at opening 56) 
to deliver fluid to vessel lumen 52. Additionally, or alterna­
tively, fluid source 18 maybe coupled to an outlet tube (e.g., 
30b) to deliver fluid from vessel lumen to the tube. In other 
configurations, fluid source 18 may be coupled directly to 
second end 36 (e.g., at opening 56) to deliver fluid from 
vessel lumen 52 to the fluid source. Fluid source 18 may be 
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configured (e.g., via control system 22) to deliver turbulent 
or laminar flow of fluid through vessel lumen 52. In some 
configurations, fluid source 18 may deliver fluid through 
vessel 26 in a pulsed ( e.g., sinusoidal or sawtooth periodic 
waves) or steady manner. 

[0069] In some configurations, fluid source 18 may be 
coupled both an inlet ( e.g., 30a or 34) of vessel 26 and an 
outlet (e.g., 30b or 36) of the vessel to define a recirculating 
flow path. To illustrate, mCA system 10 may define a closed 
loop fluidic circuit for recirculating fluid through mCA 
device 14. For example, a small volume of liquid (e.g., 
between 10 and 25 mL) may be circulated through mCA 
device 14 by fluid source 18 to allow liquid (e.g., patient 
blood) to be tested directly on the mCA device with IRB 
approval. In some configurations, fluid source 18 may 
comprise a single reservoir or a plurality of reservoirs that 
are in fluid communication with each other to recirculate the 
fluid through mCA device 14. For example, an inlet (e.g., 
30a or 34) of vessel 26 may be connected to a first reservoir 
and an outlet (e.g., 30b or 36) of the vessel may be connected 
to a second reservoir to define a flow path from the first 
reservoir to the second reservoir. Fluid device 18 may 
comprise any suitable microfluidic pressure manifold. In 
some configurations, fluid source 18 may comprise a pump 
( e.g., blood pump), such as but not limited to, a recirculation 
pump, peristaltic pump, syringe pump, centrifugal pump, 
positive-displacement pump (e.g., bulk-handling or meter­
ing pumps), or the like. 

[0070] Control system 22 may be coupled to mCA device 
14 and/or fluid source 18. In some configurations, control 
system 22 (e.g., pressure controller) may be configured to 
initiate operations of mCA system 10 (e.g., control flow of 
fluid). Additionally, or alternatively, control system may be 
configured to collect, calculate, and/or analyze data cap­
tured, or stored within, mCA system 10. In the depicted 
configuration, control system 22 comprises a controller 84 
(e.g., control device or control unit), one or more sensor(s) 
88, and an imaging device 92. In some configurations, 
control system 22 may be electrically coupled to compo­
nents of mCA system 10 (e.g., 14, 18) and configured to 
operate the mCA system to control flow of fluid between 
fluid source 18 and mCA device 14 (as described in greater 
detail with reference to FIG. 3). 

[0071] Sensor(s) 88 may be configured to detect one or 
more parameters and to provide data indicating the one or 
more conditions to controller 84. For example, sensor(s) 88 
may detect geometric parameters, hemodynamic param­
eters, and endothelial parameters of mCA system 10. In 
some configurations, the geometric parameters may com­
prise dimensions of vessel lumen 52 ( e.g., length, diameter, 
surface area, or the like), dimensions of vessel 26 (e.g., 
length and transverse dimension of 26, 48, 60, and 64, angle 
70, or the like), and/or dimensions of tube(s) 30. In some 
configurations, hemodynamic parameters may comprise 
physical properties of the fluid (e.g., density, viscosity, 
temperature, pressure, specific weight, specific volume, spe­
cific gravity, or the like), surface tension, pulsatility, fluid 
pressure, fluid flow rate, fluid velocity, Doppler flow veloc­
ity, Reynolds number, stresses on fluid ( e.g., shear velocity, 
shear stress, shear rate, yield stress, and the like), stresses on 
inner surface 44 (e.g., inner surface shear stress), spatial 
identification of recirculation pools, and the like. In some 
components, sensor(s) 88 may comprise flow meters, 
MEMS sensor, in-line fluidic sensor, pressure sensor, tern-
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perature sensor, mass flow sensors, ultrasonic sensors, level 
sensor, Infrared sensor, accelerometer, humidity sensor, or 
the like. 

[0072] Imaging device 92 may be configured to capture at 
least a portion of inner surface 44 while the fluid is flowing 
through mCA device 14. For example, imaging device 92 
may be configured to capture images, or image data, of fluid 
within different regions (e.g., 48, 60, 64) of vessel 26 and 
provide images, or date, to controller 84. In some configu­
rations, imaging device 92 may be configured to provide 
intravascular ultrasound (IVUS), a venogram, epifluores­
cence or confocal microscopy of vessel lumen 52. To 
illustrate, imaging device 92 (e.g., via real-time optical 
microscopy) may be configured to detect hemodynamic 
parameters and/or endothelial parameters of mCA system 
10. For example, in some configurations, the fluid may 
comprise a fluorescent material (e.g., fluorescently labelled 
polystyrene micro beads) that yields streamlines that can be 
captured by imaging device 92 along portions of vessel 
lumen 52. The captured images may be analyzed to deter­
mine parameters ( e.g., inner surface shear stress, Reynolds 
number, identification of recirculation pools, or the like). In 
some configurations, the images may be captured continu­
ously, or at predetermined intervals ( e.g., 10 minutes). In 
some configurations, Imaging device 92 may comprise a 
light source, an ultrasound device ( e.g., ultrasound catheter), 
x-ray device, CDC camera, CMOS camera (e.g., 
Hamamatsu ORCA camera), or the like. In some configu­
rations, imaging device 92 may include a Hamamatsu 
ORCA Flash4.0 V3 sCMOS camera for high resolution and 
light sensitivity and a Photron Fastcam Mini AX200 for fast 
imaging (1,024xl,024 pixel resolution to 6,400 fps with 
reduced resolutions up to 900,000 fps. Some such configu­
rations may comprise exposure time from 1 ms to 260 
nanoseconds independent of frame rate, 12-bit dynamic 
range, 20 µm square pixels provide ISO 12232 Ssat certified 
light sensitivity of 40,000 ISO monochrome/16,000 color). 
[0073] Referring now to FIG. 2A-2B, views of cross­
sections of vessel 26 are shown. For example, FIG. 2A 
shows a longitudinal sectional view of vessel 26 taken along 
a plane extending though ( e.g., bisecting) the mCA device 
14 from first end 34 to second end 36. FIG. 2B shows a 
lateral sectional view of vessel 26 taken across intersection 
lines 2B-2B. As shown, inner surface 44 to defines a vessel 
lumen 52 that corresponds to a blood vessel ( e.g., cephalic 
vein) of a patient. In other configurations, one or more layers 
may be disposed on inner surface 44 to define vessel lumen 
52. For example, as shown in FIG. 2B, vessel 26 may 
comprise an endothelial layer 101 disposed on inner surface 
44 to define vessel lumen 52. In some configurations, 
endothelial layer 101 may comprise endothelial cells ( e.g., 
endothelium). For example, endothelial layer 101 comprises 
human umbilical vein endothelial cells (HUVECs ). In this 
way, control system 22 (e.g., sensor(s) 88 and imaging 
device 92) may be configured to detect and analyze an 
endothelial state (e.g., erosion, proliferation, and/or activa­
tion) of vessel 26 based on fluid flow through inner surface 
44 and vessel lumen 52. 
[0074] In some configurations, vessel 26 has a length 102 
that extends between first end 34 and second end 36. Length 
102 may be greater than or substantially equal to any one of, 
or between any two of: 45, 50, 55, 60, 65, 70, 75, or 80 
millimeters (mm) (e.g., between 50 and 75 mm, such as 
approximately 60 mm. In some configurations, inlet and 
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outlet ( e.g., 30a, 30b) may comprise a length between 10 and 
20 mm. In such configurations, mCA device 14 may have a 
total length that is approximately between 65 and 120 mm 
(e.g., 90 mm). 

[0075] In the depicted configuration, vessel 26 has an 
inner diameter 104. Inner diameter 104 may be defined by 
a maximum transverse dimension measured from opposing 
sides of inner surface 44 across a straight line. Inner diam­
eter 148 may be may be greater than or substantially equal 
to any one of, or between any two of: 1, 2, 3, 4, 5, 6, 7, 8, 
9, 10, 11, 12, 15, or 20 mm (e.g., between 1 and 12 mm, such 
as approximately 8 mm). In some configurations, length 102 
and inner diameter 104 may correspond to the geometry of 
the cephalic vein of each patient and can be sized and 
dimensioned as such. 

[0076] In some configurations, inner surface 44 of vessel 
is patient specific. For example, preoperative images (e.g., 
venogram and IVUS) may be taken of a blood vessel of a 
patient via imaging device 92 and vessel 26 may be formed 
to mimic the contours of the blood vessel. To illustrate, inner 
surface 44 may correspond to cell walls of an arterialized 
venous fistula (AVF) (e.g., brachiocephalic fistula) and 
curved section 48 may correspond to a venous arch (e.g., 
Cephalic arch). In some configuration, vessel 26 may com­
prise any optically transparent polymer (e.g., polyurethane, 
polyethylene, siliconized rubber, polytetrafluoroethylene 
(PTFE), polyethylene terephthalate, or the like) with similar 
mechanical properties to a human blood vessel. For 
example, an optically transparent polymer with non-cyto­
toxic and gas-permeable properties. Specifically, vessel 26 
may comprise polydimethylsiloxane (PDMS) that is 
adjusted to simulate the mechanical properties of both 
healthy and diseased blood vessels. Specifically, without 
limitation, a 3D model of vessel lumen (e.g., 52) comprising 
dissolvable material (e.g., water-soluble PVA) may be 
formed (e.g., 3D printed) from data collected during the 
preoperative images of the patient's blood vessel and 
embedded in an elastomer (e.g., PDMS), after which the 
dissolvable material (e.g., PVA) will be dissolved resulting 
in a elastomer model having a cavity resembling the 
patient's blood vessel. In other configurations, any suitable 
method of3D printing, or manufacturing, may be employed 
to create a patient-specific mCAdevice 14. In this way, inner 
surface 44 and vessel lumen 52 may be customized (e.g., 
shaped and sized) as a function of preoperative imaging of 
the patient's vein (e.g., cephalic vein). 

[0077] Fluid may be pumped though patient specific mCA 
device (e.g., 14) to calculate one or more patient specific 
parameters (e.g., geometric parameters, homodynamic 
parameters, and endothelial parameters). For example, fluid 
source 18 may deliver a fluid from first end 34 of vessel 26 
to second end 36 to form a flow path 82. In some configu­
rations, flow path 82 may flow from an inlet (e.g., 30 and/or 
56) at first end 34 of vessel, through the first portion 60, 
through the curved portion 48, through the second portion 
64, to an outlet (e.g., (e.g., 30 and/or 56) at second end 36 
of the vessel. In some configurations, fluid source 18 may be 
configured to pump fluid through mCA device 14 in a 
periodic manner to simulate blood flow though the patient's 
blood vessel. In some configurations, fluid may be a blood­
mimicking fluid (BMF) or blood from the patient. For 
example, a Newtonian liquid with a density substantially 
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equal to 1060 kg/m3 and a dynamic viscosity substantially 
equal to 5 mPa*s may be employed as the blood-mimicking 
fluid. 

[0078] As shown in FIG. 3, control system 22 may be 
configured to control one or more operations of mCA system 
10, such as, but not limited to, operation of fluid source 18 
to achieve patient-specific flow parameters of fluid flow 
through vessel 26, operation of imaging device 92 and 
sensor(s) 88 to capture and transmit data to/from controller 
84. In the depicted configuration, control system 22 may 
comprise one or more interface(s) 108, one or more I/O 
device(s) 112, and a power source 116 coupled to controller 
84. In some configurations, circuitry (e.g., a PCB, wires, 
etc.) may connect each component of control system 22 with 
mCA system 10. 
[0079] Controller 84 may include a processor 120 coupled 
to a memory 124 ( e.g., a computer-readable storage device). 
In some configurations, controller 84 may include one or 
more application(s) 122 that access processor 120 and/or 
memory 124 to operate mCA system 10. Processor 120 may 
include or correspond to a microcontroller/microprocessor, a 
central processing unit (CPU), a field-programmable gate 
array (FPGA) device, an application-specific integrated cir­
cuits (ASIC), another hardware device, a firmware device, or 
any combination thereof. Memory 124, such as a non­
transitory computer-readable storage medium, may include 
volatile memory devices ( e.g., random access memory 
(RAM) devices), nonvolatile memory devices (e.g., read­
only memory (ROM) devices, programmable read-only 
memory, and flash memory), or both. Memory 124 may be 
configured to store instructions 128, one or more thresholds 
130, and one or more data sets 132. In some configurations, 
instructions 128 ( e.g., control logic) may be configured to, 
when executed by the one or more processors 120, cause the 
processor(s) to perform one or more operations (e.g., actuate 
fluid source 18). The one or more thresholds 130 and one or 
more data sets 132 may be configured to cause the processor 
(s) to generate control signals (e.g., 136). For example, the 
processor(s) 120 may initiate and/or perform operations as 
described with reference to mCA system 10. Application(s) 
122 may communicate (e.g., send and/or receive) with 
processor 120 and memory 124. For example, application(s) 
122 may receive data from sensor(s) 136 or memory 124 
(e.g., data sets 132), manipulate the data, and send a signal 
to processor 120 to cause the processor to output the 
manipulated data (e.g., via interface 108 or I/O device 112) 
or store the manipulated data (e.g., via memory 124). In 
some configurations, application(s) 122 comprises 
COMSOL, ABAQUS, ImageJ, Matlab, Solidworks, Auto­
CAD, ANSYS, Lab View, CATIA, OpenFoam, HFSS, Math­
cad, combination thereof, or the like. In some configura­
tions, controller 84 is configured to generate and send 
control signals 136. For example, controller 84 may generate 
and/or send control signals 136 responsive to receiving a 
signal and/or one or more user inputs via the one or more 
interfaces 108 and/or the one or more I/O devices 112. 
[0080] Interfaces 108 may include a network interface 
and/or a device interface configured to be communicatively 
coupled to one or more other devices. For example, inter­
faces 108 may include a transmitter, a receiver, or a com­
bination thereof (e.g., a transceiver), and may enable wired 
communication, wireless communication, or a combination 
thereof, such as with I/O device 112. The I/O device(s) 112 
may include a touchscreen, a display device, a light emitting 
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diode (LED), a speaker, a microphone, a camera, another I/O 
device, or any combination thereof, as illustrative, non­
limiting examples. In some configurations, interfaces(s) 108 
and/or I/O device(s) 112 may enable a wired connection to 
controller 84 and/or power source 116 via a port or other 
suitable configuration. Additionally, it is noted that in some 
configurations, interfaces(s) 108 and/or I/O device(s) 112 
may be coupled to sensor(s) 88. 
[0081] Power source 116 may be coupled to controller 84, 
interface(s) 108, I/O device(s) 112, fluid source 18, mCA 
device 14, or combination thereof. In some configurations, 
power source 116 may be coupled to components of control 
system 22 via circuitry. In some configurations, power 
source 116 may include a battery, capacitors, a charge 
storage device, etc. Although container mCA system 10 has 
been described as including interface(s) 108, I/O device(s) 
112, controller(s) 84, and power source 116, in other con­
figurations, the mCA system may not include one or more of 
interface(s) 108, I/O device(s) 112, controller(s) 84, and 
power source 116. 
[0082] In some configurations, instructions 128 (e.g., con­
trol logic) may be configured to, when executed by the one 
or more processors 120, cause the processor(s) to perform 
one or more operations. For example, the one or more 
operations may include receiving a message ( e.g., control 
signal 136, a command, or an instruction) to perform an 
operation and identifying the requested operation. To illus­
trate, the operation may include a flow operation of a fluid 
source (e.g., 18), a measurement operation of mCA device 
14, an image control operation of imaging device 92, and 
predictive analysis operation of mCA system 10. 
[0083] The one or more operations may also include 
initiating the operation based on the received message. To 
illustrate, initiating the operation may include generating 
and sending one or more control signals 136. For example, 
processor(s) 120 may send a control signal (e.g., 136) to 
fluid source 18 to increase, decrease, pulsate, or otherwise 
effect flow of the fluid through the mCA device 14 to 
perform the flow operation. In some configurations, the one 
or more operations may include modeling a cephalic arch of 
a patient ( e.g., at a first and second predetermined time). For 
example, processor(s) 120 may send a control signal (e.g., 
136) to imaging device 92 to model a vein of a patient and 
the imaging device may send one or more control signals 
136 to the memory 124 to store data created by the imaging 
device. In some configurations, controller 84, processor, 
and/or memory 124 may operate together to form mCA 
device 14. For example, controller 84 may send one or more 
instructions 128 to a 3D printer to create mCA device 14 
(e.g., lumen 52) based on data stored in memory 124 (e.g., 
imaging of cephalic vein of a patient). In some configura­
tions, the one or more operations may include measuring the 
flow characteristics of the fluid in mCA device 14. For 
example, sensor(s) 88 may send a control signal (e.g., 136) 
to controller 84 (e.g., memory 124) to store data (e.g., 132) 
created by the sensor(s). In some configurations, the data 
stored by controller 84 ( e.g., memory 124) may be used with 
one or more application(s) 122 to calculate and/or determine 
relationships between one or more components of mCA 
system 10, geometrical features of mCA device 14, flow 
characteristics of fluid source 18, and/or combination 
thereof. For example, endothelial parameters (e.g., von 
Willebrand factor (VWF), P-selectin, cell viability, nitric 
oxide levels, and the like) may be calculated by control 
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system 22. Specifically, application(s) 122 may utilize data 
captured by control system 22 (e.g., via sensor(s) 88 or 
imaging device 92) to generate one or more endothelial 
parameters. In at least some operations, mCA system 10 may 
be utilized to store diagnostic parameters ( e.g., Intravascular 
Ultrasound or IVUS, venogram, Doppler and whole blood 
viscosity) of a venous conduit of an actual patient and 
construct a personalized millifluidic model that represent the 
venous conduit (e.g., cephalic arch) downstream to theAVF. 

[0084] Referring now to FIG. 4, an example of mCA 
system 10 is shown. In some configurations, mCA system 10 
comprises a first patient-specific mCA device (e.g., 14a) 
corresponding to a patient's blood vessel (e.g., Cephalic 
vein) at a first predetermined time and a second patient­
specific mCA device (e.g., 14b) corresponding to the 
patient's blood vessel (e.g., Cephalic vein) at a second 
predetermined time. In some configurations, first patient­
specific mCA device (e.g., 14a) may comprise a replication 
of a Cephalic arch of a patient's brachiocephalic fistula 
(BCF) before hemodialysis and second patient-specific 
mCA device (e.g., 14b) may comprise a replication of the 
Cephalic arch of a patient's BCF after hemodialysis. For 
example, the first predetermined time may correspond to a 
time of maturation (e.g., 3 months) of the BCF. In some 
configurations, second predetermined time may correspond 
to a time (e.g., 12 months) where hemodynamic and geo­
metric changes in the BCF are evident. For example, second 
predetermined time may be 12 months after BCF formation, 
or alternatively, 12 months after the first predetermined time. 
In other configurations, second predetermined time may 
correspond to any time after the first predetermined time. 

[0085] As shown in FIG. 4, first mCA device 14a com­
prises a patient-specific vessel 26a that includes an outer 
surface 40a, an inner surface 44a that defines a vessel lumen 
52a extending from first end 34a to second end 36a of the 
vessel 26a, and a curved section 48a having a first angle 70a. 
In some configurations, first mCA device is coupled to fluid 
source 18a. In the depicted configuration, second mCA 
device 14b comprises a patient-specific vessel 26b that 
includes an outer surface 40b, an inner surface 44b that 
defines a vessel lumen 52b extending from first end 34b to 
second end 36b of the vessel 26b, and a curved section 48b 
having a second angle 70b. Second mCA device 14b may be 
coupled to fluid source 18a that is connected to first mCA 
device 14a, or alternatively, the second mCA device 14b 
may be coupled to a distinct fluid source 18b. In some 
configurations, first mCA device 14a and/or second mCA 
device 14b may comprise one or more tube(s) 30 coupled to 
fluid source 18. Control system 22 may be coupled, electri­
cally or physically, to first and second mCA devices 14a and 
14b. In some configurations, control system 22 may be 
configured to operate first and second mCA devices 14a and 
14b independently. For example, each mCA device (e.g., 
14a and 14b) may be operated according to different patient­
specific parameters. 

[0086] As shown in FIGS. 4 and SA-D, vessel lumen 52 
may change drastically between first predetermined time 
(e.g., 52a) and second predetermined time (e.g., 52b). For 
example, FIGS. SA and 5B illustrate lateral sectional views 
of a first mCA device ( e.g., 14a) where a vessel ( e.g., 26) has 
been shaped to correspond to a blood vessel with endothelial 
abnormalities, which can be found in patients with ESRD. 
Referring to FIGS. SC and SD, second mCA device (e.g., 
14b) may correspond to the patient's Cephalic vein at the 
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second predetermined time. In the depicted configuration, 
blocking material 103 may be formed on vessel 26 or 
endothelial layer 101 of second mCA device 14b. Blocking 
material 103 may be configured to restrict the flow of fluid 
through vessel lumen 52. For example, blocking material 
103 may decrease the area of vessel lumen 52 such that the 
area of the vessel lumen (e.g., 52a) at the first predetermined 
time is greater than the area of the vessel lumen ( e.g., 52b) 
at the second predetermined time. In some configurations, 
blocking material 103 may comprise a suitable biological 
material ( e.g., fibrin, thrombin, collagen, blood cells, plate­
lets, or the like). 

[0087] In some configurations, the second mCA device 
14b may replicate a patient's vein where thrombosis has 
already occurred. In this case, mCA system 10 may be 
operated using first mCA device (e.g., 14a) to optimize the 
mCA system via control system 22 and identify parameters 
than lead to increased risk of thrombosis. For example, 
control system 22 may identify one or more parameters ( e.g., 
e.g., geometric parameters, homodynamic parameters, and 
endothelial parameters) that contribute, individual or in 
conjunction with other parameter(s), to high risk of throm­
bosis. To illustrate, control system 22 may compare the 
parameter(s) (e.g., via 120 and 124) of a first mCA device 
(e.g., 14a FIG. SA) corresponding to a cephalic vein of a 
patient who later developed thrombosis, to other first mCA 
devices (e.g., 14a FIG. 5B). In some configurations, control 
system 22 may compare mCA devices ( e.g., 14) of patients 
who developed thrombosis to identify similar parameters. 
Additionally, or alternatively, control system 22 may com­
pare a mCAdevice (e.g., 14a) corresponding to a patient that 
developed thrombosis to one other mCA device ( e.g., 14) of 
a patient where thrombus formation did not occur to elimi­
nate false correlations. 

[0088] In another example, control system 22 may be able 
to adjust operation parameters (e.g., geometric parameters, 
homodynamic parameters, and endothelial parameters) for 
subsequent mCA systems. To illustrate, control system 22 
(e.g., sensor(s) 88 and controller 84) may adjust flow char­
acteristics based on blocking material 103 growth on first 
mCA device (e.g., 14a) after being in operation for a 
predetermined time; the blocking material growth on first 
mCA device (e.g., 14a) may then be compared to second 
mCA device ( e.g., 14b ), based on actual thrombus growth in 
the Cephalic arch, to determine accuracy ofmCAsystem 10. 
Control system 22 may iteratively adjust operation param­
eters to create a more realistic model for each successive 
mCA device 14. In this way, the flow characteristics of each 
mCA device 14 can be altered to create realistic models of 
a patient's Cephalic arch for each stage of hemodialysis 
treatment. Accordingly, a more accurate analysis of cephalic 
arch thrombosis in ESRD patients may be achieved to 
identify the high risk parameters and locations associated 
with thrombosis nucleation. In some configurations, control 
system 22 can perform analysis ( e.g., operations as 
described above) of a location (e.g., portion of 48, 60, 64) 
with a higher risk of contributing to thrombosis. 

[0089] Referring to FIG. 6, a method 200 of using, and/or 
operating, mCA system 14 is shown. Method 200 includes 
modeling a venous cephalic arch of a patient at 202. Some 
of the present methods comprise constructing a patient­
specific 3D model of the cephalic arch using medical 
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imaging data. Some methods may comprise the step of 
characterizing patient-specific cephalic arches hemodynam­
ics during flow simulations. 
[0090] In some methods, the cephalic arch of a patient 
may be captured at more than one time period (e.g., first 
predetermined time and second predetermined time). Some 
methods may comprise the step of reconstructing patient­
specific 3D geometry of the cephalic arch, where clotting is 
most like to occur, using imaging medical data. In some 
methods, computational models will be used for finite ele­
ment simulations that match patient-specific physiological 
flow parameters like blood velocity, viscosity, hematocrit 
concentration, and pulse rate. Some methods may comprise, 
characterizing flow properties and induced wall shear stress 
in the cephalic arches of the patient at a first predetermined 
time (e.g., 3 months after AVF creation) and a second 
predetermined time (e.g., 12 months after AVF creation). 
[0091] Method 200 further includes fabricating, validating 
and characterizing the fluid dynamics in a millifluidic 
cephalic arch devices ( e.g., 14a, 14b) at 204. Some of the 
present methods provide the step of constructing ( e.g., 3D 
printing) millifluidic devices (e.g., 14) from the computa­
tional models in order to fabricate soft elastomer molds that 
will serve as the mCA device. For example, a dissolvable 3D 
printed mold may be constructed and embedded within a 
transparent polymer (e.g., soft elastomer) after which the 
dissolvable (e.g., water-soluble) 3D printed master mold is 
removed by dissolving in pressurized, heated water, in a 
process akin to cire-perdue or lost-wax process to form a 
negative mold within the transparent polymer. Some meth­
ods may comprise the step of performing flow experiments 
on the mCA devices (e.g., 14). For example, some methods 
comprise validating the geometrical fidelity of mCA devices 
(e.g., 14) to patients' original vein imaging data. Some 
methods may further comprise programming a pressure 
driven flow apparatus (e.g., 18) to provide pulsatile, unidi­
rectional flow in the fabricated vein models. In some meth­
ods, blood-mimicking fluid (BMF) with fluorescent particles 
may be may be pumped through a mCA device ( e.g., 14) in 
order to visualize local hemodynamics in the cephalic arch 
under globally applied patient-specific flow conditions. In 
some methods, Particle Image Velocimetry (PIV) we be used 
to investigate physical properties such as wall shear stress 
(WSS), Reynolds number and recirculation pools in each 
vein model. 
[0092] To illustrate, using a millifluidic cephalic arch 
devices (e.g., 14a, 14b) it was determined high WSS pre­
disposes to thrombosis in arterial systems whereas low WSS 
initiates thrombosis in venous systems. Disturbed blood 
flow in an AVF reduces the physiological function of 
endothelial cells which protect the vascular wall against 
inflammation, oxidative stress, cell proliferation, platelet 
adhesion and thrombosis. In this way, some methods ( e.g., 
200) include determining an optimal range of WSS that 
could protect the endothelium and prevent thrombosis based 
on patient specific vein geometry. Some methods may 
include tailoring dialysis treatment based on individualized 
patient-specific thrombosis risk factors. 
[0093] In some configurations, method 200 includes 
endothelializing the mCA device at 206. Some such methods 
include the step of evaluating vein endothelium erosion and 
thrombotic nucleation at patient-specific flow conditions. 
Some methods further include creating a predictive model 
for vein thrombosis. Some methods comprise endothelial-
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izing device with human umbilical vein endothelial cells 
(HUVECs) and perfuse with HUVECs media under patient­
specific flow conditions. Some methods comprise, evaluat­
ing thrombosis nucleation by whole-blood perfusion of 
endothelialized mCA at patient-specific flow conditions. 
Some methods include, creating a cephalic arch thrombosis 
predictive model by integration of biophysical data. 
[0094] Some methods comprise the step of monitoring 
fluid properties ( e.g., turbulence, recirculation vortices, or 
the liked) in the models that serve as nidi for endothelium 
activation and thrombotic nucleation. In some configura­
tions, monitoring fluid properties may comprise flowing cell 
media and blood into endothelialized devices (e.g., 14). In 
such configurations, Thrombus nidi will be referenced back 
to hemodynamics of corresponding sites to correlate local 
biological outcomes with local flow dynamics. Some meth­
ods further comprise, compiling patient-specific data sets in 
order to create a cephalic arch thrombosis predictive model 
that accounts for multiple factors ( e.g., geometrical, flow 
and physiological trends). 
[0095] It is noted that in some implementations, method 
200 may include one or more operations as described with 
reference to control system 22. Additionally, or alternatively, 
control system 22 may be utilized to perform one or more 
steps of the aforementioned methods ( e.g., 200). 
[0096] Referring now to FIG. 7, an example of a milliflu­
idic Cephalic Arch (mCA) system 100 is shown. The mCA 
system 100 may include or correspond to one or more 
components ofmcCA system 10 and is used to analyze and 
predict thrombus formation under heterogeneous patient­
specific physiological conditions. In the depicted configu­
ration, mCA system 100 includes a millifluidic Cephalic 
Arch (mCA) device 140, a fluid system 180, and a control 
system 120. Fluid system 180 and control system 120 may 
include or correspond to fluid source 18 or control system 
22, respectively. 
[0097] As shown, mCA device 140 is coupled to fluid 
system 180 to deliver fluid through a lumen 142 defined by 
the mCA device. Fluid system 180 may include a fluid 
distributor 182, flow sensor 184, pressure modulator 186, 
one or more reservoirs 188, or combination thereof. In the 
depicted configuration fluid distributor may be directly 
connected to mCA device 140 (e.g., via tubes) to control 
flow of a fluid through the mCA device. In this manner, fluid 
distributor 182 can adjust flow parameters of the fluid 
through lumen 142. For example, fluid distributor 182 can 
adjust pulsatility, fluid pressure, fluid flow rate, fluid veloc­
ity, direction of flow, or the like. Flow distributor 182 may 
be coupled to flow sensor 184 and/or pressure modulator 
186 to adjust the flow parameters of mCA system 100. In 
some configurations, flow sensor 184 measures a pressure, 
velocity, density, or other parameter of the fluid as it passes 
through the flow sensor. These measurements can be trans­
mitted to flow distributor 182 and/or pressure modulator 186 
directly or indirectly (e.g., via control system 120) to adjust 
the fluid flow to predetermined flow parameters. 
[0098] Each of fluid distributor 182, flow sensor 184, and 
pressure modulator 186 may be in fluid communication with 
reservoirs 188. As shown in FIG. 7, fluid system 180 
includes two reservoirs (e.g., 188), but other configurations 
may include more or less than two reservoirs. Each reservoir 
188 may be in fluid communication with one or more of any 
other reservoir to transfer fluid between each other. Pressure 
modulator 186 can adjust the pressure in each reservoir ( e.g., 
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188) to direct the fluid along a desired flow path, such as 
from a first reservoir, to flow sensor 184, to mCA device 
140. 

EXAMPLES 

[0099] The present invention will be described in greater 
detail by way of specific examples. The following examples 
are offered for illustrative purposes only and are not intended 
to limit the invention in any manner. Those of skill in the art 
will readily recognize a variety of noncritical parameters 
that can be changed or modified to yield essentially the same 
results. 

Example 1 

3D Reconstruction of Millifluidic Device 

[0100] Preoperative images (e.g., venogram and IVUS) 
were taken of a patient were used to construct a digital 3D 
model of the patient's cephalic arch. For this reconstruction 
2D venogram and 3D IVUS images obtained from a patient 
were utilized to design a 3D millifluidic cephalic arch 
model. 2D venograms were performed by using a micro­
puncture system near the arterial anastomosis with contrast 
injection towards the venous limb. The needle was 
exchanged for a 5 French dilator, and a digital subtraction 
venogram encompassing the outflow from puncture site to 
the right heart was performed. This allowed for vein geom­
etry including diameters and angles of curvature. IVUS was 
done using a catheter with an ultrasound probe at the distal 
end. The IVUS catheter was inserted through the cephalic 
vein outflow and arch to the axillary vein with measure­
ments taken during pullback of the catheter. The study 
included 105 patients with a range of physiologic condi­
tions, of which five patients were selected to provide IVUS, 
venogram, blood flow velocity, viscosity, and pulsatility. 
The venogram and IVUS images were performed at two 
separate time-points: 3-months after formation of the AVF 
and 12-months after formation of the AVF. 
[0101] Image processing was performed on venogram, 
IVUS, and Doppler image sets with ImageJ, Python and 
MATLAB for use in the 3D reconstruction of the cephalic 
arch of each patient. FIG. SA, illustrates aggregate veno-

Time 
point 

CA model 
310 
CA model 
410 

gram projection that is skeletonized to capture the gross 
anatomy of the cephalic arch, including the cephalic bend 
348 (e.g., curved section). As shown in FIG. SB, IVUS 
images with ChromaF!o capability (Philips), capturing 1 
mm increments of the vein path per frame, were binarized in 
ImageJ. Using MATLAB code, the X and Y coordinates­
corresponding to each vein contour-were determined. For 
untreated IVUS images, the vein contour was measured by 
hand, capturing 1/20 mm increments of the vein path per 
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frame. For this method, the vein contour of the untreated 
IVUS images were traced onto the frame in ImageJ at each 
millimeter (i.e., for every 30th image), where the outline was 
binarized and run through MATLAB code to gather the X 
and Y coordinates, as shown in FIG. SB. 

[0102] The two-dimensional aggregate venogram projec­
tion and the X, Y coordinates were utilized to create a 3D 
reconstruction of the cephalic arch, having lumen contours 
from IVUS slices at 1 mm intervals along the venogram 
path. The X, Y coordinates were imported into AutoCAD 
and scaled. The geometric center of the coordinates was also 
marked for each contour. A 3D model of the cephalic arch 
was then generated in SolidWorks by importing each con­
tour to a plane perpendicular to the path and aligning the 
center of contour with the path. The digital 3D model was 
then completed by lofting together each contour, creating 
smooth curved lines along the structure to replicate the 
continuous curvature of the vein. Two 3D digital CA (ce­
phalic arch) models were created using this method: a first 
CA model 310 (FIG. 9A) was modeled using the patient 
imaging at the 3-month time point and a second CA model 
410 (FIG. lOA) was modeled using the patient imaging at 
the 12-month time point. Each CA model 310,410 includes 
a pre-bend region 360, 460 (e.g., first portion), a bend 348, 
448 (e.g., curved section), and a post-bend region 364, 464 
(e.g., second portion), respectively. 

[0103] A range of computational fluid dynamics (CFD) 
simulations were performed on both digital 3D models using 
COMSOL Multiphysics (COMSOL, Inc.). The vein geom­
etries for each digital 3D model were modelled in 3D using 
the Laminar Fluid Flow module. Inlet flow velocity for the 
models was applied in the form of periodic waves (sinusoi­
dal, square wave, saw-tooth) at frequencies calculated from 
pulse rates recorded at the time of IVUS and venogram 
measurements. Inlet flow for each time point can be seen in 
TABLE 1, below. The fluid was modelled as a Newtonian 
fluid with density=1060 kg/m3 and dynamic viscosity=3.45 
mPa·s, using density and viscosity values approximated 
from whole blood, along with no-slip boundary conditions 
and incompressible flow. Parallel Sparse Direct and Multi­
Recursive Iterative Linear Solver (PARDISO) in COMSOL, 
along with normal, physics-controlled mesh size were used. 

TABLE 1 

Inlet Flow Parameters of 3D CA Models 

Systolic Diastolic Pulse Vein Arch 
velocity velocity B/P (beats/ diameter angle 
(crn/s) (cm/s) (mm Hg) min) (cm) (Degree) 

39.6 29.2 124/80 81 0.9 108 

9.37 4.63 125/81 84 1.214 113 

[0104] We note that there are significant changes between 
average vein diameter and peak systolic and diastolic blood 
flow velocities at these two models, though overall blood 
pressure and pulse rates remain largely unchanged. This may 
indicate that there is local remodeling of the brachia! vein, 
including the cephalic arch proximal to the AVF, despite the 
fact that overall blood flow properties in the patient remains 
essentially constant. The arch angle of CA model 410 
remains largely unchanged from CA model 310. We also 
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notice significant broadening in the average vein diameter in 
CA model 410 by as much as 34.9% as compared to CA 
model 310, along with significant decrease in blood flow 
velocities. 
[0105] Using the peak systolic velocity as inlet velocities 
and systolic blood pressure as outlet pressure surmnarized in 
TABLE 1, we plot steady-state velocity (FIGS. 9B and l0B) 
and pressure profiles (FIGS. 9C and l0C) for CA models 
310, 410. As shown, flow velocities in CA model 310 are 
higher (-40 emfs) than in model 410. The velocity profile 
across pre-bend region 360 ( e.g., first portion) of CA model 
310 resembles plug-flow (Non-Newtonian), commonly seen 
in shear-thinning fluids. However, CA model 410's wider 
vein diameter in pre-bend region 460 is accompanied with 
decrease in average blood flow velocity (-9 emfs); such a 
decrease in the velocity profile across pre-bend region 460 
results in more Newtonian flow. At these flow parameters, 
the Newtonian flow profile of the fluid in CA model 410 is 
maintained along bend 448 and post-bend region 464. There 
is also low flow velocity and wall pressure along the inner 
wall of bend 448. This region with low WSS may provide a 
possible nidus of endothelial activation. 
[0106] Using the parameter of TABLE 1 and assuming a 
sinusoidal flow pattern, we also simulate time-dependent 
flow for CA models 310, 410. The velocity (FIGS. 9B and 
l0B) and pressure profiles (FIGS. 9C and l0C) are plotted 
as function of time. The area of low WSS in CA model 310 
is develops and dissipates in a periodic fashion under 
pulsatile flow, in accordance with the peak systolic and 
diastolic blood flow velocities. For CA model 410, however, 
the velocity profile across the vein cross-section varies 
between shear-thinning and Newtonian, according to the 
peak systolic and diastolic blood flow velocities in a sinu­
soidal manner. 

Example 2 

Fabrication of 3D Millifluidic Device 

[0107] Preoperative images were also used to create a 
millifluidic (mCA) device 510 that can be used to investigate 
flow parameters of a patient's cephalic arch ex vivo. Upon 
constructing the computational vein model ( e.g., as 
described in Example 1 ), a 3D vein model 598 was imported 
to AutoCAD and a fabrication box 590 was added to ease 
fabrication, as shown in FIG. llA. Two cones 592, each 2 
cm in length, were added to the two ends of the 3D vein 
model 598 to help stabilize the flow at the junctions between 
the vein model and the fluid recirculation system for the 
mCA device. The vein model and fabrication box 590 were 
exported as a .st! file and imported to Cura LulzBot Edition 
3.2.21 software. 3D printing parameters were set to 0.38 mm 
resolution, printing temperature of 210° C., with densities of 
100% and 10% for the print and support, respectively. The 
file was then exported as a GCode File (*.geode) and 
transferred to the Taz4 3D printer (Catalog 
#LUKTPRO041NA, B&H Photo) using a 3 mm water­
soluble, polyvinyl alcohol (PVA) polymer filament (Catalog 
#PVA300N05, eSUN). The resulting 3D printed assembly 
included a box mold 594 defining an interior 596 in which 
a vein model 598 was disposed. 
[0108] Box mold 594 was then glued to a 150 mmx15 mm 
polystyrene Petri dish (not shown) and Polydimethylsi­
loxane (PDMS; Catalog #4019862, Dow), mixed at 1:5 ratio 
with the provided cross-linker, was poured into interior 596 
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of box mold 594 to encase vein model 598. Air bubbles 
trapped within the PDMS mix were removed by placing the 
Petri dish in a vacuum desiccator for 30 min. The PDMS 
mold was then cured in an oven at 65° C. for over 2 hours 
to form a block mold 540 embedded with the vein model 
598. Block mold 540 was then separated from the box mold 
594 to form mCA device 514. Subsequently, mCA device 
514 was submerged in a water-filled autoclave tray, and 
liquid autoclave cycles were carried out to dissolve the PVA 
printed vein model 598 within the solidified PDMS block 
mold 540. The resulting mCA device 514, shown in FIG. 
12A, defined a patient-specific venous conduit 552 inside 
the PDMS block mold 540. The mCA device 514 was then 
submerged in boiling water and wiped rapidly to remove any 
PVA particulate adsorbed on the device surface. Unless 
removed, the PVA particulate coating makes PDMS surfaces 
significantly cloudy which can deteriorate quality of fluo­
rescent images obtained during flow experiments. 

[0109] As seen in FIG. 12B, plastic barbed tube fittings 
530 (1/16" OD 1/22

11 ID PEEK tubing rated for air and water) 
were attached to both the inlet 534 and outlet 536 of mCA 
device 514. Two smaller box-like molds were printed to cast 
PDMS in the junction between mCA device 514 and tubing 
530 was connected to a fluid pressure system (not shown). 
Given the extremely high flow rates necessary to mimic 
physiological flow in the cephalic arch in ESRD patients, it 
is critical that leakage-free connections between the pump 
system and mCA device 514 were established. 

[0110] As shown in FIGS. 13A and 13B, the venous 
conduit 552 is connected to the fluid pressure system (e.g., 
18) at a connecting junction 532. To make connecting 
junction 532, a cuffed tube-tube connection adapter was 
made in order to prevent device leakage at high flow rates. 
The ring portion of an 8 gauge AWG crimp ring terminal 
connectors (Item #IGCRT8-10, ASIN: B06XQ84HGW, 
Amazon) were cut with a metal sheet cutter (Part 
#DWHT14675, ASIN: B072LQJ6W9, Amazon) in order to 
obtain a cast-able cylindrical mold. Around 4 cm of the 
PEEK tubing was inserted into the 1/16" ID, 1/s" OD Tygon 
PVC clear tubing compatible with a pressure-driven flow 
control system. Three continuous 1/s" ID aluminum cable 
stops sleeves (Part #TUOR0122, ASIN: B07RGD841B, 
Amazon) were inserted through the Tygon PVC tubing, 
leaving around 1 cm of Tygon/PEEK tubing junction with­
out a sleeve. The sleeves were then crimped with a wire rope 
crimping tool (Part #IWS-1608M, ASIN B0195XJI6Y, 
Amazon). The crimp ring terminal connector was placed 
around tubing junction, covering the crimped sleeves and 
the 1-cm bare tubing junction. The bottom of the terminal 
connectors was then sealed with parafilm M wrapping film 
(Catalog #S37440, Fisher) and the tubing junction was 
positioned vertically such that both tubing ends were coaxi­
ally aligned relative to the connector. Low-viscosity, cast­
able epoxy resin (Item #4336899262, ASIN: 
B07BM9LHRB, Amazon) was poured into the tubing junc­
tion inside the terminal connector. The resin was allowed to 
cure at room temperature for at least 24 hr to ensure proper 
sealing of potential leakage gaps within the connecting 
junction 532. The inlet and outlet tubing were then con­
nected to the MUX INJ re-circulator in the pressure system 
to drive unidirectional flow within the fluidic device 

[0111] To confirm the fidelity of 3D reconstruction of the 
internal vein geometry from IVUS imaging, we performed 
IVUS and optical imaging on mCA device 514 to generate 
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a 3D digital model 512a (FIG. 14A) to compare with the 
originally generated CA model 512b (FIG. 14B), which was 
generated using preoperative images as described in 
Example 1. The mCA device 514 filled with lx phosphate 
buffered saline (PBS) was punctured using a 21 G micro­
puncture needle and a 0.018 in micro-puncture wire was 
inserted into venous conduit 552 to serve as a guide wire for 
the imaging catheter. Next a 4 French (Fr) micro-puncture 
sheath was advanced over the guidewire and exchanged via 
a 0.035 in guidewire for a 5 Fr Cordis vascular introducer 
sheath (Cordis Corporation, Miami Lakes, Fla.) which was 
de-gassed, flushed and secured in place. Next, Hi-Torque 
Floppy II coronary guidewire (Abbott Vascular, Santa Clara, 
Calif.) with 0.014 inx74.8031 in dimensions was introduced 
into the lumen of mCA device 514 and positioned distally. 
Next, a Volcano Eagle Eye Platinum 20 MHz Intravascular 
Ultrasound (IVUS) catheter (Philips) was prepared, flushed 
and introduced over the 0.014 in coronary guidewire into 
venous conduit 552 and subsequently positioned within inlet 
534 to simulate the in vivo starting IVUS position. The 
IVUS catheter was calibrated to eliminate near-field ring­
down artifact and the field of view was adjusted on the IVUS 
console to insure full circumferential visualization of the 
model. As the PDMS block mold 540 is transparent, veno­
gram imaging of venous conduit 552 was not required. 
Direct imaging of the general contour of venous conduit 552 
was taken when the venous conduit perfused with food color 
dye. These images were then processed using 'threshold' 
and 'skeletonize' functions in ImageJ and combined with the 
IVUS images of mCA device 514 to reconstruct 3D CA 
model 512a. Two 3D CA models (e.g., 512a) were con­
structed using the method described above with mCA device 
514 being rotated 180 degrees between measurements. 

[0112] The original CA model 512b and the recreated 3D 
models 512a were aligned on a common axis using Solid­
Works, and the overlapping and non-overlapping regions 
were compared. FIG. 15A shows a plot of each 3D CA 
model, where 502 represents the measurements of the origi­
nal CA model 512b, 504 represents the first measurements 
of the recreated CA model ( e.g., 512a ), and 506 represents 
the second measurements of the recreated CA model ( e.g., 
512a) when turned upside down. As shown, the measure­
ment plots 504 and 506 of CA model 512a are almost 
identical. This is confirmed by plotting the area measure­
ments of 504 and 506 against each other, seen in FIG. 15B. 
The R-squared value is almost 0.99 indicating an extremely 
strong positive correlation. 

[0113] As seen in FIG. 15A, each variation 504, 506 of the 
measurement of CA model 512a follows the same pattern of 
original CA model 512b, with a higher area of about 0.05 
in2

. The volumes of the non-overlapping regions were 
calculated and compared to the original models. The differ­
ences between the actual and fabricated model was 5.204% 
showing a preservation of the global and local topologies of 
95%. Each area measurement of measurements 504 and 506 
of CA model 512a were also plotted against original CA 
model 512b, as shown in FIGS. 15C and 15D. Both mea­
surements of the recreated 3D model have similar correla­
tions to the original 3D model with R-squared values being 
around 0.4, indicating a moderate positive linear association. 
The similarities between the 3D model generated from the 
patient cephalic arch and the 3D model generated from mCA 
device 514 yields confidence to both the 3D vein recon­
struction modeling using IVUS and venogram images, as 
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well as to the fabrication method of mCA device 514. 
Accordingly, the 3D models and recreated mCA devices are 
accurate representations of vein topologies of patient spe­
cific venous conduits (e.g., cephalic arch). Accordingly, 
subsequent experimentation of patient specific mCA devices 
( endothelialized or otherwise) may be performed without 
any risk of harming the patient. Additionally, various 
cephalic arch vein geometries and flow parameters may be 
tested to build a predictive platform than can be used to 
predict risk factors in individual patients ex vivo. The patient 
specific mCA devices allows enhanced identification of 
thrombosis and stenosis risk factors enabling specific treat­
ment regimens to prevent and treat cephalic arch thrombosis 
and AVF failure. 

Example 3 

Flow and Imaging Setup for mCA Device 

[0114] A millifluidic (mCA) device 610 was fabricated 
from preoperative images of a patient's cephalic arch. FIG. 
16A illustrate the formation of mCA device 610, which is 
similar to that described in Example 2. As shown in step 612, 
a 3D digital model was created from preoperative images of 
a patient's cephalic arch. At step 614, the 3D digital model 
was printed using a 3D printer with the cephalic arch model 
disposed within a fabrication box. At step 616, the box was 
filled with moldable material (e.g., PDMS) so that the 
cephalic arch model is embedded within the moldable 
material. At step 618, the cephalic arch model is dissolved 
leaving a venous conduit defined within the moldable mate­
rial. The resulting mCA device 610 includes a venous 
conduit 652 having a pre-bend region 660, a bend region 
648, and a post-bend region 664. 
[0115] The formed mCA device 610 was imaged on an 
Olympus IX83 microscope, perfused with a) lxPBS, and b) 
Blood-mimicking fluid (EGM-2 media with 4% (w/v) Dex­
tran, D4876-50G, Sigma-Aldrich), both containing trace 
amounts of fluorescently labelled polystyrene microbeads 
(Catalog #FCDG008, Bangs Labs), 5 µmin diameter. The 
fluids were perfused in the device under both steady-state 
and pulsatile flows using an OBI MK3+ pressure-driven 
flow control system (Elvesys, France) in conjunction with a 
MUX INJ 6-port/2 position recirculation valve (Elvesys, 
France) to apply continuous, programmable, unidirectional 
flow on the millifluidic devices. 
[0116] The steady-state flow, 10 mL/min, represents a 
healthy flow rate for non-arterialized cephalic veins. The 
fluid was circulated into the device at steady state to char­
acterize flow patterns in the device as a function of.local vein 
geometry; flow rate was maintained at 10 mL/min and the 
cephalic arch was imaged under epifluorescence. Similar 
steady-state flow experiments were conducted at 50 mL/min 
to simulate hemodynamics at high flow rates under cephalic 
arch remodeling. In contrast, pulsatile flow is patient-spe­
cific and derived from systolic and diastolic velocities 
obtained from Doppler measurements done at 3 and 12 
months after the AVF was created. To mimic pulsatile flow 
in mCA device 610, flow rate was varied periodically 
corresponding to the patient's diastolic-to-systolic ratio to 
approximate a saw-tooth waveform that changed phase 
every 300 milliseconds (ms). The flow trajectories of the 
fluorescent beads were imaged under 2x and 4x magnifica­
tions using a Hamamatsu ORCA camera and Metamorph 
image acquisition software under GFP illumination ( 488 



US 2021/0056867 Al 

nm/510 run excitation/emission). The exposure times were 
varied between 30-100 ms, commensurate with applied flow 
rates and magnification that yielded fluorescent streaks of 
reasonable lengths from which local flow velocities in 
different regions of the devices were calculated. 

[0117] Increasing the exposure time for image capture 
allows us to visualize the movement of the fluorescent beads 
as bright streaks, as illustrated in FIGS. 16B-16D. The 
lengths of each streak are used to calculate the local flow 
velocity at the position being imaged, referred to as region 
of interest (ROI), and measured at different applied flow 
velocities. Note that for a given velocity of flow applied by 
the pressure manifold, longer exposure times lead to longer 
fluorescent streaks in the images. For example, FIG. 16B 
shows the fluorescent beads in pre-bend region 660 captured 
with an exposure time of 60 milliseconds, while FIGS. 16C 
and 16D show fluorescent beads in the pre-bend region at the 
same flow velocity when captured with exposure times of 
120 milliseconds and 240 milliseconds, respectively. There­
fore, the streak length may be measured and used to deter­
mine local fluid velocity within the venous conduit of mCA 
device 610 for predetermined exposure times. 

[0118] Different regions ofmCAdevice 610 are imaged in 
this fashion and the images can be compared to determine 
the differences in the flow parameters. For example, FIG. 
16E shows fluorescent beads at bend region 648 captured 
with an exposure time of 120 milliseconds. We recorded and 
compared the images of the flow fields in these ROI (pre­
bend 660, bend 648, and post-bend 664 regions) repeatedly 
for different fluid viscosity, density, velocity, and pulse 
frequency and waveforms, using an automated motorized 
stage mounted on the microscope and also controlled using 
Metamorph. Short videos of -5-10 s duration that sampled 
flows in different ROI were acquired under the above flow 
conditions and analyzed off-line using ImageJ and Python. 

[0119] Videos were saved as individual tiff files and pre­
processed using NIH ImageJ macro-code to extract high­
contrast streamlines for hemodynamics analysis. ImageJ 
pre-processing consisted of performing the following func­
tions in the sequence mentioned: contrast enhancement, 
de-speckling, background fluorescence subtraction, maxima 
filtering, threshold adjustment, binarization, and ridge detec­
tion plug-ins. Given that experimental conditions such as 
objective magnification and bead concentration affect 
detected streamline quality; pertinent macro-code adjust­
ments were made for each data set. Based on the ridge 
detection output, filtering of false streamlines was necessary 
to proceed to Python-based hemodynamics pipeline with 
high-quality streamlines. Likewise, the vein wall boundary 
was manually outlined, binarized and exported in the .png 
format to integrate into the image analysis pipeline to 
calculate wall shear stress (WSS) and Reynold's number 
(Re). 

[0120] After assigning the streamlines to each frame, we 
aggregated all streamlines in the same video/time series into 
a global frame. We constructed a vein wall boundary based 
on the contour of mCA device 610. For each pixel point in 
the wall boundary, we searched all the streamlines within a 
fixed, small distance (300 pixels) and assigned the nearest 
streamline to the pixel point on the wall boundary. Then we 
normalized the length for all frames to [O, 1] and applied a 
color scheme to show the speed variation along the wall 
boundary. Afterwards, we account for the BMF viscosity 
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and the distance of detected streamlines to the wall boundary 
to calculate the WSS. Wall shear stress, -i: was calculated as 

where ri is the fluid's dynamic viscosity, vis the streamline 
velocity and h is the distance between streamline and vein 
wall boundary. FIGS. 17A-E show the wall shear stress for 
mCA device 610 at a flow velocity of 5 mL/minute for five 
different location along the venous conduit, with FIG. 17A 
representing a most proximal location (e.g., in pre-bend 
region 660) and FIG. 17E representing a most distal location 
( e.g., in post-bend region 664). Each of FIGS. 17B-17D 
showing the wall shear stress at sequential locations between 
( e.g., in bend region 648) the locations at FIG. 17 A and FIG. 
17E. 

Example 4 

3D Reconstruction of Additional Millifluidic 
Devices 

[0121] Digital 3D CA models were constructed for 5 
separate patients according to the method explaining in 
Example 1, above. A first CA model was constructed accord­
ing to measurements taken 3-months after formation of the 
AVF and a second CA model was constructed according to 
measurements taken 12-months after formation of the AVF. 
Each model was subjected to velocity and pressure profile 
mappings using CFD. 
[0122] FIGS. 18A-C show the digital 3D model, the 
pressure profile, and the velocity profile of first CA model 
810 of a first patient at the 3-month time point. FIGS. 18D-F 
show the digital 3D model, the pressure profile, and the 
velocity profile of second CA model 812 of the first patient 
at the 12-month time point. 
[0123] FIGS. 19A-C show the digital 3D model, the 
pressure profile, and the velocity profile of first CA model 
910 of a second patient at the 3-month time point. FIGS. 
19D-F show the digital 3D model, the pressure profile, and 
the velocity profile of second CA model 912 of the second 
patient at the 12-month time point. 
[0124] FIGS. 20A-C show the digital 3D model, the 
pressure profile, and the velocity profile of first CA model 
1010 of a third patient at the 3-month time point. FIGS. 
20D-F show the digital 3D model, the pressure profile, and 
the velocity profile of second CA model 1012 of the third 
patient at the 12-month time point. 
[0125] FIGS. 21A-C show the digital 3D model, the 
pressure profile, and the velocity profile of first CA model 
1110 of a fourth patient at the 3-month time point. FIGS. 
21D-F show the digital 3D model, the pressure profile, and 
the velocity profile of second CA model 1112 of the fourth 
patient at the 12-month time point. 
[0126] FIGS. 22A-C show the digital 3D model, the 
pressure profile, and the velocity profile of first CA model 
1210 of a fifth patient at the 3-month time point. FIGS. 
22D-F show the digital 3D model, the pressure profile, and 
the velocity profile of second CA model 1212 of the fifth 
patient at the 12-month time point. 
[0127] As shown, vein geometry varies greatly between 
each individual patients. Vein diameter may be wider at the 
12-month time point for some patients (812, 1212), while it 



US 2021/0056867 Al 

may be narrower at the 12-month time point for other 
patients (1012). The change in vein geometry also signifi­
cantly impacts the local velocity and pressure profiles of the 
cephalic arch. Because of the notable variations between 
flow parameters for each patient, a systematic approach to 
deceasing thrombosis and stenosis is likely to be ineffective. 
Using patient specific 3D CA models (digital and fabri­
cated), will allow treatments to take individualized flow 
parameters at the cephalic arch (e.g., global Re and turbu­
lence from high fluid flow velocities and large vein diameter, 
low WSS in inner bend as function of bend angle; localized 
low WSS and Re dependent on irregular geometry of the 
vein wall, or the like) to specifically tailor treatment that will 
best avoid the risks associated with specific patients. 

[0128] These digital and fabricated 3D models represents 
a step towards understanding localized vein hemodynamics 
in a patient-specific manner. Not only are the cephalic arch's 
geometry and topology being faithfully replicated from each 
patient, but physiological parameters such as volumetric 
flow rate, pulsatility, blood viscosity and biochemical com­
position of each patient are captured as well during flow 
experiments. While the above examples are particularly 
enabling in understanding and treating AVF failure where 
the venous portion clots quite often in ESRD patients 
undergoing dialysis, this patient-specific vessel modeling, 
fabrication and experimental approach can be applied to 
other venous and arterial systems to better understand hemo­
dynamics' influence on vascular diseases progression as 
well as patient-to-patient outcome variability. Overall, it is 
now possible to see the rheology undergoing inside a 
patient's vessel ex vivo on a chip 

[0129] The above specification and examples provide a 
complete description of the structure and use of illustrative 
configurations. Although certain configurations have been 
described above with a certain degree of particularity, or 
with reference to one or more individual configurations, 
those skilled in the art could make numerous alterations to 
the disclosed configurations without departing from the 
scope of this invention. As such, the various illustrative 
configurations of the methods and systems are not intended 
to be limited to the particular forms disclosed. Rather, they 
include all modifications and alternatives falling within the 
scope of the claims, and configurations other than the one 
shown may include some or all of the features of the 
depicted configurations. For example, elements may be 
omitted or combined as a unitary structure, connections may 
be substituted, or both. Further, where appropriate, aspects 
of any of the examples described above may be combined 
with aspects of any of the other examples described to form 
further examples having comparable or different properties 
and/or functions, and addressing the same or different prob­
lems. Similarly, it will be understood that the benefits and 
advantages described above may relate to one configuration 
or may relate to several configurations. Accordingly, no 
single implementation described herein should be construed 
as limiting and implementations of the disclosure may be 
suitably combined without departing from the teachings of 
the disclosure. 

[0130] The previous description of the disclosed imple­
mentations is provided to enable a person skilled in the art 
to make or use the disclosed implementations. Various 
modifications to these implementations will be readily 
apparent to those skilled in the art, and the principles defined 
herein may be applied to other implementations without 
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departing from the scope of the disclosure. Thus, the present 
disclosure is not intended to be limited to the implementa­
tions shown herein but is to be accorded the widest scope 
possible consistent with the principles and novel features as 
defined by the following claims. The claims are not intended 
to include, and should not be interpreted to include, means­
plus- or step-plus-function limitations, unless such a limi­
tation is explicitly recited in a given claim using the phrase 
(s) "means for" or "step for," respectively. 

1. A millifluidic Cephalic Arch (mCA) system compris­
ing: 

a millifluidic cephalic arch (mCA) device comprising: 
a patient-specific vessel extending from a proximal end 

to a distal end, the vessel comprising: 
an outer surface; 
an inner surface defining a vessel lumen extending 

through the vessel from the proximal end to the 
distal end, the inner surface configured to corre­
spond to a patient's Cephalic vein at a first pre­
determined time; and 

a curved section that is nearer the vessel distal end 
than the vessel proximal end; 

a fluid source configured to be in fluid communication 
with the mCA device to deliver fluid to the proximal 
end of the vessel; and 

an control system comprising: 
one or more sensors configured to detect a plurality of 

parameters of the inner surface of the vessel and the 
fluid flowing through the mCA device; 

an imaging device configured to capture at least a 
portion of the inner surface while the fluid is flowing 
through the mCA device; and 

a controller coupled to the one or more sensors and the 
imaging device, the controller configured to analyze 
the plurality of parameters. 

2. The mCA system of claim 1, wherein the inner surface 
of the mCA device comprises endothelium. 

3. The mCA system of claim 2, wherein the endothelium 
comprises human umbilical vein endothelial cells. 

4. The mCA system of claim 1, wherein in the imaging 
device is configured to provide intravascular ultrasound 
(IVUS), a venogram, or confocal microscopy of the mCA 
device. 

5. The mCA system of claim 1, wherein the plurality of 
parameters comprise geometric parameters, homodynamic 
parameters, and endothelial parameters. 

6. The mCA system of claim 5, wherein: 
the geometric parameters comprise: a vessel lumen diam­

eter, an angle of curved section, and length of vessel; 
the homodynamic parameters comprise: physical proper­

ties of the fluid, pulsatility, fluid pressure, fluid flow 
rate, fluid velocity, Doppler flow velocity, Reynolds 
number, inner surface shear stress, and spatial identi­
fication of recirculation pools; and 

the endothelial parameters comprise von Willebrand fac­
tor (VWF), P-selectin, cell viability, and nitric oxide 
levels. 

7. The mCA system of claim 6, wherein the controller is 
configured analyze geometric, homodynamic, and endothe­
lial parameters to determine a location of the inner surface 
with a higher risk of contributing to thrombosis. 

8. The mCA system of claim 1, wherein the fluid com­
prises a blood-mimicking fluid (BMF) or blood. 
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9. The mCA system of claim 1, further comprising a 
second mCA device comprising: 

a second patient-specific vessel extending from a second 
proximal end to a second distal end, the vessel com­
prising: 
an second outer surface; 
an second inner surface defining a second vessel lumen 

extending through the second vessel from the second 
proximal end to the second distal end, the second 
inner surface configured to correspond to the 
patient's Cephalic vein after second predetermined 
time; and 

a second curved section that is nearer the second vessel 
distal end than the second vessel proximal end. 

10. Amillifluidic cephalic arch (mCA) device comprising: 
a patient-specific vessel extending from a proximal end to 

a distal end, the vessel comprising: 
an inner surface defining a vessel lumen extending 

through the vessel from the proximal end to the distal 
end, the inner surface configured to correspond to a 
patient's Cephalic vein; and 

a curved section that is nearer the vessel distal end than 
the vessel proximal end. 

11. The mCA device of claim 10, wherein the inner 
surface of the mCA device comprises endothelium. 

12. The mCAdevice of claim 11, wherein the endothelium 
comprises human umbilical vein endothelial cells. 

13. The mCA device of claim 10, further comprising: 
an inlet tube coupled to the proximal end of the vessel; 
an outlet tube coupled to the distal end of the vessel; and 
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a fluid source coupled to the inlet tube and the outlet tube, 
the fluid source configured to supply a fluid from the 
proximal end to the distal end of the vessel lumen to 
define a flow path of the mCA device. 

14. The mCA device of claim 13, wherein the fluid 
comprises a fluorescent material. 

15. The mCA device of claim 10, wherein the vessel 
comprises an optically transparent polymer. 

16. The mCA device of claim 10, wherein the inner 
surface is customized as a function of preoperative imaging 
of the patient's Cephalic vein. 

17. The mCA device of claim 10, wherein the curved 
section defines an angle that is between 65 and 155 degrees. 

18. The mCA device of claim 10, wherein the curved 
section defines e a normalized radius of curvature that is 
between 1 and 15. 

19. A method of forming a patient-specific mCA device, 
the method comprising: 

preparing a three-dimensional venous cephalic arch 
model from patient-specific imaging data; 

fabricating a three-dimensional cephalic arch mold; 
wherein: 

the three-dimensional cephalic arch mold defines a 
venous conduit that corresponds to the three-dimen­
sional venous cephalic arch model, and 

the venous conduit includes an inlet and an outlet, the 
inlet configured to be coupled to a fluid source to 
deliver fluid through the venous conduit. 

20. The method of claim 19, further comprising endothe­
lializing the three-dimensional cephalic arch model. 

* * * * * 


