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Abstract

In this doctoral dissertation, we expand on how we engineered replicas of vein geometries
prone to pathologic vein lumen narrowing and blood clot formation, also known as stenosis and
thrombosis, respectively, in end-stage renal disease patients undergoing hemodialysis treatment.
Our main goal is to develop millifluidic technology that serves as a research tool to study patient-
specific hemodynamics in vitro which can potentially help elucidate vascular pathogenesis
mechanisms. Here, we elaborate on how we created cephalic vein computational models of our
patient cohort to explore hemodynamics via computational fluid dynamics flow simulations.
Moreover, we show how we fabricated millifluidic devices parting from these cephalic vein
computational models to experimentally characterize hemodynamics under healthy physiologic
flow rates. Alas, future efforts to mimic pathologic flow conditions for hemodynamics
characterization will help us contrast resulting wall shear stress from that obtained from healthy

flow conditions to better understand stenosis and thrombosis in the cephalic vein arch.

The developed and patented technology presented here would allow for systematic dissection
of stenosis and thrombosis contributing factors in order to shed light onto the heterogeneity in
vascular complications and vascular access outcomes during hemodialysis. Moreover, these
devices could also contribute to the discovery of more efficient anti-thrombotic and thrombolytic
medication that ultimately serves our mission; to improve the quality of life of hemodialysis
patients by understanding and preventing clotting complications and advance vascular clinical

care.
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Chapter 1

Introduction

Some of this work is reprinted with permission from Hammes, M.; Moya-Rodriguez, A.;
Bernstein, C.; Nathan, S.; Navuluri, R.; Basu, A. Computational modeling of the cephalic arch
predicts hemodynamic profiles in patients with brachiocephalic fistula access receiving

hemodialysis. PL0oS One 2021, 16 (7), e0254016. Copyright 2021 Hammes et al.

and from Moya-Rodriguez, A.; Xie, B.; Cook, D.; Klineberg, M.; Nathan, S.; Hammes, M; Basu,
A. Creating Patient-Specific Vein Models to Characterize Wall Shear Stress in Hemodialysis
Population. Submitted to Structural and Computational Biotechnology Journal on July 28", 2022.

Copyright 2022 Moya-Rodriguez et al.

1.1  End-Stage Renal Disease, Hemodialysis and Arteriovenous Fistulas

End-stage renal disease (ESRD) is a terminal illness where kidney function is severely
compromised, leading to poor excess fluid and waste products excretion from the body which can
lead to systemic complications [1]. In order to compensate for poor kidney function and sustain
life, hemodialysis is often employed to treat patients when a kidney transplant is not an available
option. During hemodialysis the patient’s blood is artificially filtered through a hemodialyzer and
returned to the patient in 3 to 4-hour sessions thrice a week. Moreover, in order to provide this
treatment, a robust access point to the patient’s blood is needed; thus, an arteriovenous fistula
(AVF) is created. AVF remains the gold standard for hemodialysis treatment compared to other
methods such as: central venous catheter, arteriovenous graft and peritoneal dialysis catheter where

higher frequency of access infection and clotting is observed in the clinic [1]. An AVF entails the



surgical junction of an artery and a vein in order to artificially drain high blood flow rates and
pressures from the arterial system directly into the low flow rate and pressure venous system [2].
This procedure forces the vein to adapt to the sudden increase of blood flow by remodeling its
geometry in the form of vein lumen diameter and wall thickness increase [2]. This results in larger
and stronger veins that are able to whistand the excess arterial blood input and high filtration rates

of hemodialysis while accommodating the large needles used for this treatment.

Among the 492,000 patients receiving regular hemodialysis in the United States, 64% (275,000
patients) have an AVF for their vascular access which allows for patient blood filtration [1]. Two
thirds of all AVFs placed in the US are in the upper arm using the brachiocephalic (BCF)
configuration, which commonly fails due to cephalic arch stenosis (14-60%) and thrombosis (17-
28%) [3-5]. The BCF is created by an anastomosis between the brachial artery and the cephalic

vein in the upper arm (Fig. 1.1) [6].

Subclavian w.

Internal jugular w

Cephalic arch
segment

Carotid a.

Axillary w.

Brachial v.

Basilic v.

Brachial a.

Figure 1.1: Schematic of the venous and arterial anatomy in the upper arm depicting the brachial
artery, the cephalic vein and cephalic arch extracted from the Dialysis Access Atlas [6].



Failed AVFs lead to missed hemodialysis sessions, which contributes to the morbidity,
mortality and financial burden of interventional procedures for ESRD patients [7]. Efforts have
been spent on increasing the success rates of AVF maturation and maintenance while decreasing
the mortality rate on these patients with Japan demonstrating promising outcomes compared to
other nations [8-20]. Moreover, our understanding of the mechanisms of stenosis and thrombosis
in renal failure is incomplete because we lack specific tools to study these in AVF clinical
scenarios. Traditional anti-platelet and anti-coagulants do not effectively prevent or treat access
thrombosis and can cause significant side effects [21, 22]. In the absence of reliable clinical
predictors of thrombosis, the current standard of care is to treat AVF thrombosis a posteriori.
Consequently, there is an urgent need to define how thrombosis occurs in ESRD downstream from

the vascular access in order to establish effective treatment options or preventative care.

1.2 Cephalic vein arch

1.2.1 Anatomy

We concentrate on the cephalic arch as we posit that its geometric bend has rheological
implications since this is where stenosis and thrombosis commonly occur [23]. The cephalic vein
is lateral and superficial in the upper arm with a final bend called the cephalic arch that terminates

at the axillary vein called the cephalic arch (CA) (Fig. 1.2).


https://doi.org/10.1111/sdi.13062

Figure 1.2: Venogram showing the straight cephalic vein (Prebend; yellow), the bend of the
cephalic arch (Bend; red arrow) and straight vein (Postbend; blue).

Using the BCF venous portion to access the patient by means of syringes, the hemodialyzer
filters patient blood at rates usually surpassing 300 mL/min. To put this in perspective, a native
cephalic vein can have blood flow rates spanning from [3 — 44] mL/min, whereas the surgically
connected brachial artery inherently have blood flow rates of >700 mL/min [24-27]. The patient
cohort studied here had BCFs, which roughly translates to their respective cephalic veins adapting

to an influx arterial blood flowing at >15 times the healthy flow rates of cephalic veins.

1.2.2 Stenosis and Thrombosis

While the BCF provides a superb location for cannulation needed at every hemodialysis
session, pathological complications of venous outflow stenosis and thrombosis, specifically of the
CA are all too common [28]. Stenosis is referred to the longitudinal and pathological narrowing
of blood vessels and it is the leading cause of BCF failure [29]. Unfortunately, CA stenosis (CAS)
tends to resurface even after it has been treated, sometimes repeatedly, by means of stents,

angioplasty and surgical revisions [28]. Moreover, Hammes et al documented that CAS prevalence



in ESRD patient population with BCF is ~77% [30]. Previous comparative studies focusing on
CAS prevalence in diabetics and non-diabetics found no real difference between the two
populations, but determined that the mean number of years for CAS development is 2.93 + 1.93.
This presents a huge burden on ESRD patients given that BFC patency is need for treatment, but

the BCF will be usable for approximately 3 years before collapsing.

Consequently, hemodialysis sessions are potentially missed due to costly interventions to:
1) mend the stenosed CA, 2) clear blood clots that potentially formed during BCF failure, 3) create
an alternate fistula for future treatment and 4) provide temporary dialysis treatment while the newly
created fistula matures which is not an infallible process to start with. These complications
alongside the pathologic detriment of the terminal disease and missed hemodialysis sessions when

CAS and BCF failure occurs greatly hinders the quality of life of these patients.

Mechanistically, scientists have suggested that CAS occurs post-BCF creation due to the
cephalic vein adapting to the increased and pulsating sheer rates which trigger neointimal
hyperplasia [29]. The latter refers to the pathologic muscle layer growth in blood vessels which
results in hypertrophic vein remodeling and a decrease in lumen diameter, and thus, stenosis.
Studies reveal that CAS occurs predominantly in the arch postbend region upon venogram
evaluations. This is the region close to the end of the cephalic vein where blood drains into the
axillary vein [29]. Nonetheless, another study suggested that the inner bend of the cephalic arch
would the most prone to stenosis, but closer inspection of hemodynamics across the entire arch is
necessary to forge a concrete biophysical foundation of the pathology [31]. This could result in

patient care optimization in the dialysis unit to prevent further vascular complications.

On the other hand, thrombosis is often the aftermath of CAS [32]. Thrombosis is the

formation of blood clots in blood vessels which can lead to severe complications such as
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myocardial infarction, strokes, limb ischemia, deep vein thrombosis and pulmonary embolism
[33]. Maturation failure, meaning failure of the vein to dilate and thicken prior to use for
hemodialysis treatment, occurs in 26-60% of patients with BCF often due to early thrombosis [34,
35, 36]. The mechanism of why these complications occur is mostly unknown, but past research
efforts have pointed towards altered hemodynamics in the CA causing stenosis which often leads

to thrombosis and loss of access.

1.2.3 Hemodynamics

The CA is an area of active and persistent geometric remodeling due to abnormal
hemodynamic flow initiated with the surgical creation of the AVF. The cephalic vein experiences
increased pulsatile flow velocities from the brachial artery which is transmitted up to the CA bend.
As the vein dilates over time, the high flow velocities, pulsatile flow and the geometric bend of
the CA, together, lead to abnormal hemodynamics in the region, including turbulent flow

conditions and abnormal wall shear stress (WSS), that promote formation of stenosis, recurrent

thrombosis, and eventual access failure [37, 38, 39].

Vascular pathogenesis can be better understood if cephalic arch geometries and flow
conditions are faithfully recreated for extensive in vitro studies. This way, hemodynamics can be
dissected in terms of local acting forces which are intimately tied to vessel geometry, blood
viscosity and flow rate. These forces are best described by wall shear stress (WSS). Although BCF
creation initially increases overall WSS due to dramatically increased blood flow, computational
modeling showed that low WSS develops in the cephalic arch over time [37, 40]. 2D computational
fluid dynamics of the cephalic arch revealed that local WSS in the curved region of the arch can

be lower than the physiologic range [76-760 mPa], which can promote venous stenosis and



thrombosis [41]. We performed a five-year study of an ESRD patient cohort with upper arm BCF
and observed that venous stenosis was common, and 40% of patients experienced thrombosis
resulting in loss of access. We and others found that AVF placement predisposed the cephalic vein
to increased blood flow velocity, pulsatile flow, areas of low WSS, and increased risk of stenosis

and thrombosis [37, 40-44].

Past computational fluid models have shown the importance of the endothelium in
thrombosis and established the flow and direction of WSS [41, 45] in the AVF, but these models
do not provide a research platform with which to perform time-dependent perfusion experiments
for testing hypothesis or intervention options. Given the larger cephalic vein diameters and
increased flow rates associated with AVF, microfluidic systems used to study arterial circulation
are not applicable to study complex patient-specific hemodynamics in large vein geometries [46].
This thesis highlights the development of a novel application of routine diagnostic measures such
as Intravascular Ultrasound (IVUS) and venogram to create patient-specific millifluidic models of

the cephalic vein arch downstream of flow in the AVF.

Although WSS, pressure and pulsatility are important determinates of AVF maturation, the
roles that these parameters play in thrombosis, stenosis and AVF failure arising in ESRD patients
undergoing hemodialysis are poorly quantified and in vivo measurements of these parameters are
problematic. Computational modeling can be a powerful engineering tool to model hemodynamic
parameters in vascular systems, given the problems inherent in rigorous hemodynamic assessment
and WSS derivation. Efforts to derive WSS by computational modeling have been done but only
in a small number of cases [47, 48]. The longitudinal assessment of an AVF with repeated imaging

and measurements as it matures is needed to understand the complications and longevity of the

AVF [49].



Chapter 2

Creating Patient-Specific Cephalic Vein Computational Models

This work is reprinted with permission from Hammes, M.; Moya-Rodriguez, A.; Bernstein, C.;
Nathan, S.; Navuluri, R.; Basu, A. Computational modeling of the cephalic arch predicts
hemodynamic profiles in patients with brachiocephalic fistula access receiving hemodialysis.

PLo0S One 2021, 16 (7), e0254016. Copyright 2021 Hammes et al.

2.1 Introduction

In the current investigation, we modeled the three-dimensional (3D) geometries of the CA
from five ESRD patients at two time-points using venogram and intravascular ultrasound (IVUS)
at 3 and 12 months (mo.). The 3D model captures the irregularities of vein geometry that are easy
to miss in two-dimension (2D), especially if these irregularities do not lie in the plane of 2D
imaging. IVUS gives a microscopic snapshot; venogram captures the global topology but in 2D.
Combining these, we can get a nuanced view of the CA geometry. We then used patient-specific
flow velocities and pulse rates (from Doppler measurements), patient-specific whole blood
viscosity and average intra-vascular pressures to simulate patient-specific hemodynamic flow in
the 3D models of the CA. We performed hemodynamic modeling in 5 patients at 3 and 12 months
(mo.) after the surgical placement of the AVF. Our simulations showed regions of interest where
low WSS or stenosis is likely to develop. Even as early as 3 mo. we could predict areas of abnormal
hemodynamics in the CA models. These areas were likely to worsen with time and seemed to
exacerbate in the same patient’s CA model at the 12-mo. time-point. The overall aim of this work
is to demonstrate the feasibility of computational modeling to unveil abnormal flow dynamics in

the CA that are unique to individual patients. Our first hypothesis is that abnormal hemodynamics

8



and high flow velocities in the CA can predict areas of interest that develop into stenosis and
associated pathological conditions. Our second hypothesis is that the hemodynamics modeled from
actual detailed anatomic vein images are unique of each patient and differ based on the maturation

of the AVF.

2.2 Methods and Materials

2.2.1 Trial Design and Protocol

This prospective observational trial was conducted at a single center University-affiliated
medical center from December 16, 2011 through April 20, 2020. This protocol [6] was approved
by the Institutional Review Board from the University of Chicago (Protocol number 11-0269) on
August 10, 2011. The current study details the 5 subjects included as a subset for a small-scale
study that had Doppler, venogram and IVUS imaging at 3 mo. and 12 mo. This trial was conducted
with good clinical practice and the Declaration of Helsinki. The trial was registered at
ClinicalTrials.gov (NCT 01693263) August 8, 2012. Informed consent was obtained in writing

prior to any trial-related activities.

This study represents a cohort of a larger population enrolled to determine the
hemodynamic consequences of the post-fistula environment. Patients were consented to enroll in
the study if they had advanced renal failure or were on hemodialysis in need of a permanent access
with a BCF planned. During the study 161 patients consented, but only 40 completed the study
[40]. Five subjects were chosen from the 161 consented for inclusion in the study as we selected
subjects with presumed normal anatomic configuration of the BCF without previous catheter

access on the side of the AVF (Fig. 2.1).



161 subjects enrolled between
December 16, 2011 and July 15, 2015

5 subjects consented and included
evaluable

40 completed the trial

56 alternate access

24 primary failure

22 deaths

14 changed modality

5 lost to follow up

Figure 2.1: Study subject inclusion and discontinuation. Of 161 subjects enrolled, 5 subjects were
suitable and agreed to participate with IVUS measurements at 3 and 12 months. 40 subjects
completed the trial, 56 had alternate access placed, 24 had primary failure and never used the
access for dialysis, 22 deaths occurred which were unrelated to the study, 14 subjects either
received renal transplant or transitioned to peritoneal dialysis, and 5 subjects were lost to follow-

up.

The 5 patients included in the study were brought to the cardiac catherization lab and the
following were obtained by an interventional cardiologist and radiologist sequentially on the same
day: Venous blood sample for whole blood viscosity (WBV); Doppler spectral analysis; 2D
venogram imaging and IVUS of the CA. WBYV was measured from venous blood samples obtained
on the day of the protocol study. The blood was drawn during intravenous insertion on the day of
the protocol and collected in 4.5 mL tubes containing 3.2% buffered sodium citrate. WBV was
measured using a Brookfield programmable DV-II+ cone and plate viscometer. The WBV was
measured at 220 s " at 37 °C [50]. Three measurements of viscosity were determined at the above

10



shear rate and the average value was used for the simulations. Spectral Doppler analysis of the
CA was made at the same location in all patients. The point of measurement was marked 10 cm
from the greater tubercle of the humerus as previously reported [46] which was approximately 10
cm proximal to the CA. The peak systolic velocity at a 60-degree angle of insonation was
measured. The optimal Doppler angle to measure blood flow velocity is between 45 and 60 degrees
[51, 52]. A 60-degree angle of insonation was used to standardize the velocity measurements as
the Doppler angle of insonation has a significant effect on spectral Doppler velocity measurements
[52]. Velocity measurements were taken three times, approximately 1 minute apart and then
averaged. 2D venography was performed in the angiography suite by an interventional radiologist.
Vascular access was obtained in the direction of the venous outflow using a micropuncture system
(Cook Medical Inc., Bloomington, IN). A digital subtraction angiogram (DSA) fistulogram was
then performed through the 5 French Pinnacle vascular introducer sheath (Terumo Medical
Corporation, Somerset, NJ) with imaging of the venous outflow from the puncture site to the right
heart. Over a 0.035-inch guide-wire, a 5 French diagnostic multipurpose angled catheter (Boston
Scientific, Natick, MA) was then advanced to a straight portion of the cephalic vein approximately
10 cm downstream from the CA. A high-fidelity pressure monitor (Namic Preceptor Morse
Manifold; Boston Scientific) was connected to the end of the catheter and intravascular pressure
measurements were obtained. Next, a 0.014 in x 180 cm Asahi Prowater coronary guidewire
(Asahi Intecc USA, Inc., Irvine, CA) was advanced through the cephalic arch under the guidance
of a fluoroscopic map and IVUS was performed using a Volcano Eagle Eye Platinum 20 MHz
IVUS catheter (Philips, Amsterdam NE). Images were obtained at 30 fps during automated

pullback of the catheter from the axillary vein to the cephalic vein at a rate of 1 mm/sec.
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2.2.2 Image Processing and 3D Reconstruction of the Cephalic Arch

Image processing was performed on venogram, IVUS, and Doppler image sets with ImageJ
(NIH, USA) and MATLAB (Mathworks) and 3D reconstructions of the CA for each patient were
generated using Computer Aided Design (CAD) software- AutoCAD (Autodesk) and SolidWorks
(Dassault Systemes). We used a venogram recording to capture the gross anatomy of the CA,

including the cephalic bend (Fig. 2.2).

Image slice from venogram video

Filter, create outline

Skeletonize

Sl S

Figure 2.2: Step-by-step processing of venogram to reconstruct the 3D geometry of a patient’s
cephalic arch (CA) downstream of AVF placement that are used to calculate internal vein contours.
Red arrows indicate the CA.

N

Briefly, all image slices were aggregated using the ‘Z Project’ function and ‘minimum
intensity’ option in ImageJ to generate a 2D projection of the CA. This image was converted from
gray-scale to binary (using ‘Make Binary’ function), cleaned to remove any features that are not
associated with the CA (using ‘Clear’ function), inverted (using ‘Invert’ function) and the contour
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of the CA was extracted (using ‘Skeletonize’ function). The skeletonized image was exported in
iff format, converted into vector graphics files (as .svg) and finally converted into a CAD file
format (.dxf) that can be imported into AutoCAD and SolidWorks for 3D modeling.

IVUS images with non-directional color flow imaging (ChromaFlo), capturing 1/30 mm
increments of the vein path per frame were recorded in the standard DICOM format. These
pullback measurements set the lower limit of resolution along the z axis as ~1 mm. The vein
contours were traced manually. The outline of the vein lumen’s cross-section of every 30" image
of the IVUS image stack was traced onto the image frame using ImageJ, the outline was binarized,
and the X and Y coordinates of the CA’s cross-sectional outline for each slice were extracted using

MATLAB, as shown in Fig. 2.3.

Figure 2.3: Step-by-step processing of IVUS to reconstruct the 3D geometry of a patient’s
cephalic arch (CA) downstream of AVF placement that are used to calculate internal vein contours.

Each slice of the IVUS at 500 x 500 pixel? or 16 x 16 mm?was thus processed and exported
as individual files. The files were batch-processed using the free ‘dxf2dwg’ plug-in for AutoCAD

to generate corresponding .dwg files.
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The area inside the traced contour in each slice was calculated in AutoCAD using the
‘Extract Data’ function, under the ‘Annotate’ tab. This step was processed in the batch-processing
mode for all 1IVUS slices for a given time-point (3 or 12 mo.) and exported as a single text file.
The mean area of cross-section and the standard deviation were calculated for all slices. The
average diameter of the patient’s CA was calculated from the cross-sectional area, as 2*(area/n)"2.
The arch angle was obtained from the venogram by marking two straight sections of the brachial
vein- one upstream and the other downstream to the bend, drawing tangents to the two sections,

and measuring the angle inscribed between the tangents at the point where they intersect [19].

The 3D model of the CA was reconstructed by combining the global topography of the
skeletonized venogram with the local topography of the contours of the vein’s cross-sections from
IVUS. X and Y coordinates defining each slice’s cross-section were imported into AutoCAD,
where the contour was properly scaled, and the geometric center of each cross-sectional slice of
the vein lumen was marked. A detailed and complete 3D model of the CA was generated in
SolidWorks software by importing each contour to a plane perpendicular to the path at 1 mm

intervals, and aligning the center of mass of the contour with the vein path, as shown in Fig. 2.4.

Figure 2.4: Venogram and IVUS data are combined to reconstruct model of the patient’s CA in
3D.
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Using the knowledge that IVUS imaging of the CA began at the axillary vein and then
moved into the CA, we utilized the rapid shift in diameters of IVUS contours to align the correct
IVUS frame with where the CA model began along the skeletonized path obtained from the
venogram. The digital 3D model was then lofted together across all contours, creating a smooth
curved surface along the structure, shown in Fig. 2.5 to replicate the continuous curvature of the

vein. Designs for five subjects at 2 time-points each (3 and 12 mo.) were thus generated (Fig. 2.6).

Figure 2.5: Reconstructed model shown is lofted and smoothed to render the 3D model used for
flow simulation.

P93

P96

.12 mo.

12 mo.

P98

P104

3 mo.

P122

12 mo.

Figure 2.6: Three dimensional models of cephalic arches in five ESRD patients obtained 3 months
(top) and 12 months (bottom) after their AVF placement.The models, displayed in the xy-plane,

are reconstructed from venogram and IVVUS imaging.
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2.3 Conclusions

In the current study, we successfully modeled the CA in 3D using two independent and
orthogonal imaging techniques, viz., IVUS and venogram. Being able to visualize the model in 3D
helped identify stenosis and other topological irregularities that may not be directly evident in a
2D image taken on a single, fixed plane. We observed the overall geometry for the CA, including
average vein diameter, arch angle, and irregularities in the vein walls to be highly variable between
subjects that can be associated with pathologic stenosis at later time points, e.g., P93, P96 and
P122. This heterogeneity coupled with variations of hemodynamic parameters of each patient, e.g.,
velocity, viscosity, pulsatility, etc., measured independently through Doppler and viscosity tests,
make the CA an interesting but complex system to study. Individualized computational modeling
can be of great importance in understanding the contribution of each of the above parameters to

the CA remodeling and/or AVF failure.
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Chapter 3

Computational Fluid Dynamics

This work is reprinted with permission from Hammes, M.; Moya-Rodriguez, A.; Bernstein, C.;
Nathan, S.; Navuluri, R.; Basu, A. Computational modeling of the cephalic arch predicts
hemodynamic profiles in patients with brachiocephalic fistula access receiving hemodialysis.

PLo0S One 2021, 16 (7), e0254016. Copyright 2021Hammes et al.

3.1 Introduction

While attempts to computationally model vasculature for the surgical placement of an AVF [53]
and to track geometric and hemodynamic alterations as an AVF matures have been done [54], to
our knowledge, this is the first study that models geometry and flow in ESRD patients using the
exact geometry of the cephalic arch in 3D at different time-points using patient-specific
parameters. We note that there is significant heterogeneity between patients and between time-
points which makes any conclusions made from population-averaged data difficult to interpret.
Hence, we underscore the need for patient-specific models to understand the range of possible

hemodynamic conditions in the CA and predict outcomes.

3.1.1 Reynolds number

L. . . .
Reynolds number, Re= % is a dimensionless parameter used to characterize flow. At low

Re, flow is laminar but transitions to turbulent as Re increases, along with the appearance of eddies
and vortices. Re was calculated for each subject at 3 and 12 mo. time-points, where u is the peak

systolic velocity measured from Doppler, L is the average vein diameter measured from IVUS and
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n is the WBV measured from viscosity measurements. Density, p was set to 1060 kg/m?3, the

average density of whole blood [55].
3.2  Flow Simulation Methods

We used COMSOL Multiphysics (COMSOL Inc.), version 5.5, Physics simulation
software based on finite element analysis and partial differential equations [COMSOL], to simulate
blood flow in the CA of patients with ESRD. In addition to the ‘Multiphysics’ module, the
‘Microfluidics” and CAD import” modules were also used. Since Re < 2,000 for all patients (Table

3.1), all flow were simulated using the ‘Single Phase Flow’ and ‘Laminar Flow’ physics.

Table 3.1: Patient Measured and Calculated Parameters

Patient ID: Systolic Diastolic B/P Vein area of | Vein Reynolds Arch angle

Time point velocity velocity (mm Hg) X-sections diameter number ©)

cm/s cm/s

EEERT 176 9.4 412 134/84 83 0.513 0.81 367 145
17.6 5.7 3.96 119/81 71 0.337 0.66 311 113
66.6 383 2.96 174/96 101 0.347 0.66 1,574 133
435 21.0 4.08 122/70 81 0.337 0.66 746 132

49.7 38.2 3.20 130/76 90 0.532 0.82 1,350 130
P98: 12-month 17.6 8.2 3.86 143/82 79 0.840 1.03 498 115
39.6 29.2 2.68 124/80 81 0.930 0.90 1,723 125
9.4 46 4.63 125/81 84 0.594 1.10 194 115
| P122:3-month [P 24.3 3.96 99/60 88 0.559 0.84 1,180 150
[ P122:12-month 13 41.2 3.35 130/74 88 0.935 1.09 1,952 152

WBYV = whole blood viscosity

To test the effect of fluid flow in an idealized, simplified CA, we generated an idealized
3D vein model with a diameter of ~ 9.5 mm and a bend angle of 125° (Fig. 3.1) to mimic the
remodeled cephalic arch in patients after AFV placement. Inflow velocities ranging between 1 —

100 cm/s were tested.
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Outlet
pressure = a
23 mm Hg

Inlet velocity
0.01-1mls

Figure 3.1: An idealized model of the a cephalic arch in ESRD patient. The diameter of the model
is 9.5 mm and bend angle, a is 125°. The blue, red and green regions indicate the prebend, bend
and postbend regions, respectively.

These include average flow rate measured in ESRD patients prior to AVF placement (5
cm/s) to peak flow rate measured in ESRD patients (70 cm/s) without stenosis [25]. Flow is
simulated in COMSOL as both steady-state and pulsatile, using the ‘Stationary’ and ‘Time
Dependent’ options, respectively. For steady-state flow, outlet pressure is set to 23 mm Hg,
approximating the peak systolic pressure measured in patients’ CA. Density, p and viscosity, 1
values used in the idealized model are approximated from whole blood: p = 1,060 kg/m® and n =
3.45 mPa.s [55]. ‘Fully developed flow’ option is selected for both inlet and outlet, along with
‘no-slip boundary’ condition and ‘incompressible flow’ options. Though whole blood is shear
thinning, it has been shown previously [56] that under similar conditions, it makes no appreciable
difference whether blood is modeled as Newtonian or shear-thinning fluid. We use WBV
measurements in our patient cohort for fixed n in our simulations. The ‘Physics’ in COMSOL is
described by the following equations: p(u - V)u = V- [—pI + n(Vu + (Vu)")] + F; and pV - u =
0, where p is density, 1 is viscosity, U is the velocity vector, and F is the volume force vector,

respectively. Physics-controlled meshes of coarse element sizes were generated using COMSOL.
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This mesh elements of variable size that match the local topology or surface roughness of 3D
model of the CA were generated. We were able to obtain mesh convergence on a few, randomly
selected CA models of patients and time-points. Parallel Sparse Direct and Multi-Recursive
Iterative Linear Solver (PARDISO) in COMSOL with a relative tolerance of 0.001 was used for
steady state flow. For pulsatile flow, an iterative solver, Generalized Minimum Residual (GMRES)

was used with a residual tolerance of 0.01.

We simulated flow in the 3D models of all five patients’ CAs reconstructed from IVUS
and venogram images as described above, at two time-points each. Patient-specific peak systolic
velocity and whole blood viscosity measured in our previous studies were used to simulate flow
in all 10 models, along with the modules and parameters described above. Flow velocity and
pressure profiles for each time point were calculated as output parameters for comparison. All
other parameters were set as described for the idealized CA model. Shear stress was calculated as
the product of shear stress function, ‘spf.st” in COMSOL and measured WBYV for all cases. We
also reported the cell Reynolds number parameter defined in COMSOL, Recen using p and #
described above, u as the local flow velocity, and L as the size of the local mesh element. Recen,
can be conveniently used to compare flow within a CA model, across different patient models,

time-points, flow conditions, etc.

To investigate geometric and flow characteristics within each model, we demarcated the
CA of each subject into ‘prebend’, ‘bend’ and ‘postbend’ regions and calculated the maximum
velocity, pressure, and WSS from a randomly chosen 2D slice from each of these regions. Prebend
was defined as the straight segment of the cephalic vein before the curve; bend was defined as the
segment of the vein where it arches; postbend was defined as the straight segment of the cephalic

vein before termination at the axillary vein (Fig. 1.2).
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To simulate pulsatile flow, inlet flow velocity was applied as a sinusoidal wave to each CA
reconstructed from each patient at 3 and 12 mo. time-points. For each model, the velocity
amplitude was varied between peak systolic velocity, umax and diastolic velocity, umin at patient-
and time-point specific pulse frequency, f obtained from Doppler measurements, as (Umax-
Umin)*Sin(27tf)+umin. Outlet pressure was maintained at 20 mm Hg (3 mo.) or 23 mm Hg (12 mo.).
An interval of 1.5 s was simulated in steps of 0.05 s for pulsatile flow; this time ©nterval is in
excess of the duration of a complete pulse cycle for all patients and time-points. Total time taken
for each time-dependent simulation to complete was less than 1 hr. for all patients and time-points.

All steady state simulations took < 10 min to run.

3.3 Results

3.3.1 Study Population

Five patients who completed two protocol imaging procedures, blood flow velocity and
viscosity measurements at 3 and 12 mo. were included in this investigation. Patient demographics

and past history were obtained from electronic medical records (Table 3.2).

Table 3.2: Patient characteristics

Patient Age Sex Ethnic Weight Height BMI Diabetic HTN CAD PVD

ID___ (yn (kg)  (cm)
93 29 M AA 142 167 50 +
96 34 F AA 103.5 160 40.4 +
98 58 M AA 99.3 175.3 323 +
104 23 M AA 63.5 175.3 20.6 - - - -
122 29 M AA 1134 1829 33.9 - - - -

Yr = years; F=female; M =male; AA = African American; kg = kilogram; cm = centimeter; BMI

= body mass index; HTN = hypertension; CAD = coronary artery disease; PVD = peripheral

vascular disease; + = yes; - = no.

+ 4+
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A patient was considered to have coronary artery disease (CAD) if they had a myocardial
infarction, or if cardiac catheterization showed significant coronary disease. A patient was
considered to have peripheral vascular disease (PVD) if they had a history of amputation from
ischemic disease or if vascular study showed ankle-brachial index less than 0.9. We chose all
subjects with the need for a primary BCF who were receiving hemodialysis three days a week. All
patients were less than 60 years of age with no history of clinical vascular disease. Peak systolic
and diastolic velocities measured using Doppler, vitals, and calculated venous area, diameter,

Reynolds number and arch angle are summarized in Table 3.1.

We noted significant changes in measured parameters local to the AVF, e.g., average vein
diameter, and peak systolic and diastolic flow velocities in each patient at these two time-points,
though overall blood pressure and pulse rates remained largely unchanged. There was local
remodeling of the CA from the AVF maturation process, as shown by the increased mean cephalic
vein diameters (0.85 + 0.16 cm at 3 mo. to 0.87 £ 0.2 cm at 12 mo.). The mean arch angle of the
CA, a, as measured from venogram images decreased slightly (137 £ 11° at 3 mo. to 125 + 17° at

12 mo.), indicating that the bend may grow more acute over time [29].

Blood flow velocities downstream to the AVF were measured in the subjects using Doppler
imaging. We noted significant variability in the measured peak systolic and diastolic values across
subjects and time-points, highlighting the dynamic nature of flow in the CA. The average flow
velocity at 3 mo. (~45.2 + 18.2 cm/s) was significantly higher (~50%) than the average at the 12

mo. time-point (~28.9 £ 20.1 cm/s).

Using measured vein diameter, flow velocity, and whole blood viscosity values (Table
3.1), we calculated Re for each subject and time-point (Table 3.1). As expected, there were large

variations in Re between subjects and time-points, with an average of 1,239 + 530 at 3 mo. and
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740 £ 709 at 12 mo. We also noted overall difference among subjects, with patient P93
experiencing relatively low Re at both time-points (Reayy = 339) while we record much higher

values for P122 (Reavg = 1,566).
3.3.2  Flow Simulations in Idealized Cephalic Arch Computational Model

An idealized model of the CA was created to simulate flow under physiologic parameters
associated with blood flow in patients with BCF access. Briefly, a cylindrical tube with a diameter
of 0.95 cm (nominal vessel diameter in ESRD patients at QB0 = 0.3 - 0.8 cm; QB350 =0.4-1.8
cm), and bent at a 125° angle was used to model the CA in ESRD patients. To recapitulate blood
flow in the cephalic vein which goes up the arm into the cephalic arch, we modeled flow entering
through the end of the long arm of the CA model and exiting at the end of the short arm. For ease
of discussion, we will call the longer arm of the model prior to the arch as ‘pre-bend’, the bent
region as ‘bend’, and the shorter arm after the bend as ‘post-bend’. Initial conditions for the
simulation were set as follows: inlet flow velocity, u, was varied between 1 — 100 cm/s which
includes the flow velocities in the CA of healthy adults (5-10 cm/s) and patients with AVF (QBO
=25-185 cm/s, QB350 = 25 — 288 cm/s). Moreover, flow velocity (Fig. 3.2A) and pressure (Fig.

3.2B) were plotted in 3D across the length of the idealized model at u = 70 cm/s.

A P U=0.7 m/s; Velocity Magnitude (m/s) B

20 20

40

60

D e e S R TSR P I PRI P IV L TP 10
293 297 301 305 3.09 313 317 321 325 329

Figure 3.2: Simulated velocity (A) and pressure (B) profiles in the 3D idealized model under
ESRD-specific physiological conditions.
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We saw lower flow rates and lower pressures along the inner wall of the bend and
correspondingly higher velocities and higher pressure along the outer wall, as indicated by the
color of the velocity and pressure heatmaps. As endothelial activation is associated with areas of
low WSS along the inner wall of the bend, we paid particular attention to this area as nidus for

endothelial activation and clot formation.

Next, we plotted the normalized velocity profiles across the tube as function of distance

from the center of the tube with the tube’s center set as zero (Figs. 3.3).

A

w

Pre-bend

X

—0.01m/s
—0.02m/s
—0.05m/s |
0.1m/s
—05mfs
0.7mfs |
—1mfs

C

Bend Post-bend

~

i /V‘maxl m/s]

v
S

2
.8
6

g
P

1
1

-
o

o
<2
E
1%
)
1E
>
2
1>

-
&

-
S

=
o

V/Vmax [m/s]

—

5}
@
=)
®

o o
s o
o o
> >

o
Y
a
)

o
=)

L 1 L
a 4 2 - 0 1
Distance from center of tube [mm]

-2 0 2 2 [} 2
Distance from center of tube [mm] Distance from center of tube [mm]

Figure 3.3: Velocity profiles across the CA model in the (A) pre-bend, (B) bend, and (C) post-
bend regions in the idealized model across the tube cross-section. Different inlet flow velocities
range from healthy to ESRD values.

The velocities were normalized by the maximum velocity, umax, in each case for ease of
comparison. This was done for three arbitrary slices chosen from the pre-bend, bend and post-bend
regions. For the pre-bend region (Fig. 3.3A), the parabolic velocity profiles at low flow velocities
(u <10 cm/s) reflect Newtonian fluid under pipe-flow conditions [57, 58], but as u was increased
to those seen in ESRD patients (u > 25 cm/s), the velocity profiles started to flatten and transition
to plug-flow behavior of non-Newtonian fluids [57, 58]. This change in flow from Newtonian to
shear-thinning with increasing flow velocity persisted in the ‘bend’ and ‘post-bend’ regions (Figs.

3.3B&C). The velocity profiles also became non-axisymmetric in the ‘bend’ and ‘post-bend’
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regions at high velocities. This is expected for flow along the bend region, as the average distance
traversed by the fluid along the inner wall is less than that along the outer wall; the velocity along
the outer wall has to increase to compensate for the extra distance travelled (Fig. 3.3B).
Immediately into the post-bend region, the axial asymmetry switched direction (Fig. 3.3C), such
that the relative velocity along the inner wall was higher than that of the outer wall. These
asymmetries in velocity profile led us to predict two regions of abnormal WSS, one directly in the
inner wall of the bend region, and the other at the beginning of the post-bend region, but along the

outer wall of the CA. These predictions match a similar study in 2D [40].

3.3.3 Flow Simulations in Patient-Specific Cephalic Arch Models

Informed by general trends in flow characteristics obtained from simulations on the
idealized models, we simulated flow in patient-specific models. Computational models of the CA
at 3 and 12 mo. were used as the flow conduit. Although all subjects had primary outflow through
the cephalic vein to support dialysis, we noted significant variations in anatomic geometry between
patients. In a previous investigation, we measured the inlet pressure in a normal cephalic arch
(without obvious stenosis) and found the average pressure to be 19.88 mm Hg at 3 mo. and 23.3
mm Hg at 12 mo. Using the patients’ peak systolic velocity as the inlet velocity, WBV and average
pressure measured in the CA as the outlet pressure at 3 and 12 mo., we plot the steady-state velocity
(top) and pressure (bottom) profiles (Fig. 3.4) in the 3D models of the CA for 5 patients at 3 and

12 mo. after the AVF placement.

25



Figure 3.4: Panels P93, P96, P98, P104 and P122 show the velocity and pressure profiles in 3D
models constucted from IVUS and venogram measurements on the five ESRD patients’ CA at 3
mo. (top), 12 mo. (middle) and follow-up venogram (bottom) after AVF placement. The color
indicates the magnitude of velocity and pressure, respectively following a rainbow scheme, with
blue denoting the lowest and red the highest magnitude. Black tubes on the velocity profiles
indicate the velocity field at that point with the tube diameter being proportional to the shear rate.
Flow parameters obtained from each patient’s vitals and Doppler data are used to simulate flow.
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For all velocity and pressure profiles in Fig. 3.4, the color indicates the magnitude and the
color bar uses a rainbow scheme with blue denoting the lowest values and red the highest. The
black tubes marked on the velocity profiles in Fig. 3.4. indicate the velocity field at that point, with
the tube diameter being proportional to the shear rate. We noted considerable variation in the

velocity and pressure profiles across the 5 subjects.

Non-Newtonian flow (plug flow profile) was maintained along the bend and post-bend
regions for all time-points. We observed low flow velocity and wall pressure along the inner wall
of the bend in all cases (Fig. 3.4), which may provide possible nidi of endothelial activation that
lead to stenosis and thrombosis. For each patient and time point, we identified potentially
problematic areas (e.g., constrictions and low WSS) referred to as Regions Of Interest (ROIs). We
circled and numbered some of them in the 3D velocity profiles in Fig. 3.4. We observed that ROIs
that show up at 3 mo. likely persisted at the 12 mo. time-point, e.g., 1, 2 (P93), 4 (P96), 8 (P104),
9 (P122). These pre-exiting ROIs are marked as 1°,2°,4°, 8°, and 9°, respectively in Fig. 3.4. Two
categories of ROI were seen: the first, associated with the narrowing of the vein diameter, e.g., 1,
5, 6, 9 and the second, areas of low flow velocities at the inner bend which may be associated with
abnormal wall shear stress, e.g., 2, 4, 8, 10. The black streamlines denoting the velocity vector
field overlaid on the velocity profiles show that all flow are largely laminar in the pre-bend and
post-bend regions under steady-state flow. Non-laminar streamlines and vortices appear in the
bend regions under sufficiently high Re (>1,000), e.g., P96, 3 mo., P104, 3 mo. and P122, 3 and

12 mo.

Much like Re is used to predict global flow characteristics, Recen may be used to compare
flow across the length of the CA, across different patients, flow conditions, time-points, etc. The

Recen values under steady state flow are shown in Fig. 3.5, top panel for all subjects at all time-
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points. WSS is plotted as a surface function for each model in Fig. 3.5, bottom panel. The values
of Recen and WSS are indicated as heat maps for each figure, where red indicates high and blue

indicates low values, as before.

Figure 3.5: Each panel shows the Recen and WSS values in the 3D models of the five ESRD
patients’ CA at 3 and 12 mo. after AVF placement. The Recenn and WSS values in these profiles are
calculated from the velocity and pressure profiles shown in Figure 3.4. The color indicates the
magnitude of Recen and WSS, respectively following a rainbow scheme, with blue denoting the
lowest and red the highest values.
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In all cases, Recen values were the highest at the center of the vein compared to the
periphery, and increased at the bend of the CA, as expected in pipe flow. Recen values also increased
in regions where the vein narrowed, compared to regions upstream or downstream of local
constrictions. Higher Recen is associated with non-laminar flow and may lead to abnormal
activation of endothelial cells lining the lumen. Interestingly, these regions also seemed to constrict
further and develop stenosis over time (e.g., 12 mo. compared to 3 mo.). This may be due to the
increasing activation of endothelial cells which activates a feedback mechanism to narrow the vein

further, leading to higher velocities in the constriction and therefore, even higher Recel.

To characterize flow in CA, we calculated the average diameter, velocity, pressure, and
WSS from randomly chosen slices in the ‘pre-bend’, ‘bend’ and ‘post-bend’ regions (Table 3.3).
However, because of the high variability in patients’ geometry and flow parameters, it was
inherently difficult to estimate meaningful averages of parameters such as velocity, diameter, etc.
that could be generalized across patients and time-points. Instead, we analyzed each patient
individually as function of time and correlated the results from the 3 and 12 mo. models with
outcome, in the form of medical follow-up and venograms taken at later times. In some cases, the
medical follow-ups extended across the entire duration of the five-year study (see Clinical Follow

Up, p. 42).
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3.3.4 Pulsatile Flow Simulations

Though blood flow in veins is not pulsatile under normal conditions, the local vein
geometry and flow parameters after AVF placement get drastically remodeled over time [59, 60].
Not only do the vein diameter and blood flow velocity increase significantly, but the flow
properties also change from primarily steady state to pulsatile flow [61], under the influence of the
arterial flow created at the anastomosis. This is demonstrated by markedly different systolic and

diastolic blood flow velocities recorded from Doppler measurements on mature AVF [62].

Interestingly, the effects of AVF maturation are not consistent among patients and strongly
dependent on patient-specific physiological parameters. To simulate the effect of pulsatile flow in
the idealized CA, we applied inlet flow velocity in the form of periodic waves (sinusoidal) at

frequencies calculated from pulse rates measured from Doppler data.

Using pulse rates, blood pressure and peak systolic and diastolic blood flow velocities
measured using Doppler, and assuming a sinusoidal flow pattern, we simulated time-dependent
flow in the cephalic arch in patient P96 at 3 and 12 mo. using parameters described in Flow
Simulation Methods. The pulse frequency (beat/min), f measured using Doppler is reported in
Table 3.1. The first panel plots the inlet velocity applied on the CA for patient P96 at 3 mo. (Fig.

3.6A) and 12 mo. (Fig. 3.6B) as a function of time, and sampled during the course of a pulse beat.
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Figure 3.6: Each panel shows the velocity profile in the CA of patient P96 at 3 months (A) and
12 months (B) under pulsatile flow. In each figure, the first panel shows the inlet velocity as it
cycles between peak systolic and diastolic as function of time sampled during pulsatile flow. The
color bar in the last panel indicates the velocity magnitude. Black tubes marked on each velocity
profile indicate the velocity field at that point with the tube diameter being proportional to the
shear rate. Inlet velocities and their corresponding velocity profiles are highlighted at 0.2, 0.4 and
0.8 s, marked as ‘#’, “+> and ‘*’. Arrows in the second panel indicate the direction of flow along

the CA.
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Subsequent panels in Figs. 3.6 show snapshots of the 3D velocity profile in the CA for
patient P96 at 3 and 12 mo. (Figs. 3.6A&B, respectively) as the amplitude changes over the period
of an oscillation. As before, the color bar shown in the last panel of each figure indicates the
velocity magnitude in m/s and ranges from blue (lowest) to red (highest). The black tubes marked
on the velocity profiles indicate the velocity field with the tube diameter indicating the shear rate
at that point. In both Figs. 3.6A&B, we marked three time-points- 0.2, 0.4 and 0.8 s as ‘#’, ‘+’,
and “*’ in the first panel to show the inlet velocity applied to the CA and the corresponding 3D
velocity profiles generated periodically in the CA for those inlet velocities during a pulse-beat. We
noted that the areas of high velocity and low WSS seen at the bend at the 3 mo. time-point under
steady state conditions (Figs. 3.4 and 3.5, panels P96) were recapitulated under pulsatile
conditions at peak systolic values. As the inlet velocity, u increased, this area of high velocity was
seen to spread both upstream and downstream as function of u and then dissipated in a periodic
fashion for every pulse, as u was varied between peak systolic and diastolic. As the peak systolic
velocity, u = 0.67 m/s at WBV = 2.96 mPa.s (Re = 1,574) was reached at ~4 s (marked as ‘+’ in
Fig. 3.6A), we observed the periodic formation of a vortex at the bend of the CA, as shown by the
black streamlines of the velocity field in a close-up of the bend in the last panel. The vortex
dissipated as u decreased to the diastolic value. Deviations from non-laminar flow, vortices, etc.
during pulsatile flow indicate that transient turbulent conditions may be generated in the CA during

pulsatile flow that may lead to aberrant WSS and endothelial cell activation at high u.

We saw similar trends in P96 under pulsatile flow for the 12-month time-point too: as the
inlet velocity increased, the two areas at the constrictions (marked as 4’ and 5 in Fig. 3.4, panel
P96) showed the most dramatic increase in velocity. The region between the constrictions also

experienced marked increase in velocity as function of u which then dissipated in a periodic
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fashion for every pulse, compared to the pre- and post-bend regions. Note that however, at
comparatively modest u = 0.44 m/s and WBV = 4.08 mPa.s at 12 mo. (Re = 746), we do not see
any vortex formation in the velocity vector field at the bend in the patient’s CA at peak u (Fig.

3.6B, last panel, close-up of the bend), unlike at 3 mo.

Similar 3D velocity profiles in the CA of patients P93 and P122 are shown as functions of
time under pulsatile flow in Figs. 3.7 (P93) and 3.8 (P122) at 3 mo. (A) and 12 mo. (B),

respectively.
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Figure 3.7: The velocity profile in the CA of patient P93 at (A) 3 months and (B) 12 months under
pulsatile flow are shown at different times as indicated. The first panel in each figure shows the
inlet velocity as it increases (systolic) and decreases (diastolic) as function of time. Inlet velocities
and their corresponding velocity profiles are marked as ‘#’, “+” and “*’ at three time-points, 0.2,
0.4 and 0.8 s. The color bar in the last panel indicates the lowest velocity in blue and the highest
in red. Arrows in the second panel indicate the direction of flow along the CA.
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Figure 3.8: The velocity profiles in the CA of patient P122 at (A) 3 mo., and (B) 12 mo. under
pulsatile flow are shown at different time-points. The first panel shows the inlet velocity as it
increases (systolic) and decreases (diastolic) as function of time. Inlet velocities and their
corresponding velocity profiles are highlighted at three time-points, 0.2, 0.4 and 0.8 s, marked as
“#’, “+” and “*’. The color bar in the last panel indicates the lowest velocity in blue and the highest
in red. Arrows in the second panel indicate the direction of flow along the CA.
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At overall low u and high WBYV, patient P93 showed largely laminar streamlines and
moderate flow irregularities (Re = 367, 311, respectively) at both 3 mo. (Fig. 3.7A) and 12 mo.
(Fig. 3.7B) under sinusoidal flow. A constriction in the CA at the bend at 3 mo. developed slightly
both upstream and downstream at 12 mo., causing moderate increase in flow velocities and shear
rates in these regions. No vortex formations were noted in the velocity streamlines in the CA bend

of P93 at the 3 mo. or 12 mo. time-points.

In contrast, patient P122, who had a constriction at the CA bend and also recorded high u
and high WBV at 3 mo. (Re = 1,180; Fig. 3.8A) and 12 mo. (Re = 1,952; see last panel in Fig.
3.8B) underwent considerable remodeling of the cephalic arch geometry between the 3 and 12 mo.
time-points. P122 also showed high flow velocities with non-laminar streamlines in the bend

region of the CA.

While the flow velocities in the CA from Doppler data can be well approximated as
sinusoidal in most cases, we also modeled flow in the CA of patient P96 (3 mo.) as the periodic
variation in inlet velocity as non-sinusoidal waveforms: square (Fig. 3.9A&B, with duty cycle =

0.2 and 0.5, respectively) or saw-tooth (Supplementary Fig. 3.9C).
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Figure 3.9: The velocity profile in the CA of patient P96 at 3 months under pulsatile flow. Each
subfigure shows the inlet velocity applied as (A) a square wave with duty cycle = 0.5, (B) square
wave with duty cycle = 0.2, and (C) a saw-tooth wave. As before, the first panel shows the inlet
velocity as it increases (systolic) and decreases (diastolic) as function of time. Inlet velocities and
their corresponding velocity profiles are highlighted at three time-points, 0.2, 0.4 and 0.8 s, marked
as ‘#’, ‘“+” and “*’. The color bar in the last panel indicates the lowest velocity in blue and the
highest in red. Arrows in the second panel indicate the direction of flow along the CA.




The duty cycle indicates the fraction of one period in which the inlet velocity in maintained
at peak systolic velocity. For example, at a duty cycle of 0.5, the flow velocities experience the
peak systolic value for 50% of the time during a pulse beat. In contrast, at duty cycle = 0.2, the CA
experiences peak systolic velocity for only 20% of the pulse duration. By changing the duty-cycle
parameter, we were able to investigate the effect of longer dwell times at the peak systolic values

may have on flow in the CA.

In all cases, the consequences of pulsatile flow were seen to broadly hold true across
patients (e.g., P96, P122) where, at high Re, the velocity streamlines transition from laminar to
non-laminar flow and back in the CA bend as u varies between systolic and diastolic values. We
posit that second-order effects, e.g., the time taken to transition between the peak systolic and
diastolic values, may also influence non-linear flow behavior in the CA, leading to further

abnormal endothelial cell activation.

3.3.5 Clinical Follow Up

The cohort exhibited outcomes ranging from patients having success with continued AVF
use, to patients with recurrent thrombosis, cephalic arch stenosis, or steal syndrome. Fig. 3.4,
bottom, in each panel shows the follow up venograms taken between 21-60 months after AVF
placement with correlation. The details of the heterogeneity in patients as the clinical follow up
are provided. Our study highlights the variety of outcomes in each case (Table 3.4) that may be

traced back to patient-specific modeling.
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Table 3.4: Clinical outcomes of patients

Patient CAS AVF Other

ID Loss

93 i +  Recurrent thrombosis, stenosis of anastomosis, venous outflow and
central veins

96 + - Recurrent stenosis, aneurisms

98 - - Central venous stenosis

104 - - Dual flow basilic and cephalic veins with aneurisms required surgical
resection

122 + +  Venous outflow stenosis and steal syndrome required AVF ligation

CAS = cephalic arch stenosis; AVF = arterial venous fistula ; + = yes; - = no.

Recurrent venous stenosis and thrombosis of the AVF occurred in subject P93 requiring
numerous interventional procedures to maintain fistula patency. At 48 months after AVF
placement, a venogram was done for thrombosis and showed CAS was evident as shown by the
red arrow in (Fig. 3.4, P93, bottom panel) correlated with areas of high velocity both at 3 months
(2) and 12 months (2) (Fig. 3.4, P93, top and middle panels). P93 eventually developed severe
central venous stenosis in the brachiocephalic vein and juxta-arterial anastomotic stenosis,
requiring angioplasty and stent placement (not shown). The patient eventually lost patency of the

BCF and needed catheter access and a new AVF in the opposite arm.

At 21 months, high venous pressures were recorded in P96 during hemodialysis with
pseudo-aneurysms at the cannulation areas. Venogram imaging showed that the patient had
developed venous outflow stenosis and CAS (not shown). At 36 months there was evidence of
significant CAS at the bend of the arch (Fig. 3.4, P96 bottom panel) which corresponded to the

abnormal high flow profiles (4 and 4°). (Fig. 3.4, P96, top and middle panels).

P98 required a follow up venogram at 60 months for swelling of the arm. The venogram

showed stenosis at the junction of the brachiocephalic vein and superior vena cava, indicated by
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the red arrow (Fig. 3.4, P98, bottom panel) with retrograde flow up the internal jugular vein and
small axillary collateral. The flow and pressure profiles at three months do not show high flow
and pressure. The 12-month velocity profile is high (6 and 7) which correlates anatomically with
collaterals evident on the follow up venogram.

P104 developed dual flow through the cephalic and basilic vein systems with most flow
going through the basilic system. A vascular lab study at month 28 showed a volumetric flow of
3,336 ml/min in the basilic vein and a volumetric flow of 686 ml/min in the cephalic vein. This
process of flow diversion (cephalic vein to basilic vein) may have been evident as early as 12
months after AVF, as shown by the low peak systolic velocity (Table 3.1). The patient
subsequently developed a very large aneurysm of the basilic vein which required a basilic vein
ligation and aneurysm resection. The high flow velocities at 3 and 12 months (Fig. 3.4, P104, 8
and 8°) correlate with a collateral vein imaged at the later time point.

CAS developed in P122, as shown by the red arrows, was first observed at 24 months (Fig.
3.4, P122, bottom panel) which correlated in location to high flow velocities at 3 months (9) and
12 months (9°). P122 also developed significant venous outflow stenosis which required
angioplasty and later went on to develop a severe steal syndrome which resulted in AVF

abandonment. The clinical outcomes and follow up above are also summarized in Table 3.4.

34 Discussion

While computational modeling has been constructed from IVUS images in coronary
lesions [63] and used to determine WSS at the anastamotic angle in AVF [38], it has not been used
to look at the effect of the AVF on flow downstream. Because of the unique geometry and dynamic
remodeling of the CA as a direct consequence of the AVF placement, the CA can be an area of
pathological and interventional relevance in context of ESRD and hemodialysis. This is the first
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reported computational fluid dynamics simulation on a series of human patients with AVF access

studied over time.

Using 3D computational modeling, we showed that abnormal hemodynamics, specifically
high flow velocity in the CA, predicted areas that develop into stenosis or have abnormal collateral
vessel formation. To test the effect of fluid flow in a simplified CA and decouple the effects of
local vein topology/surface roughness and stenosis from vein diameter and flow velocities, we
simulated blood flow in a 3D idealized vein model with dimensions similar to the CA in ESRD
patients under hemodialysis. We observed that when the velocity increased from healthy values to
the numbers measured in ESRD patients, the velocity profile across the vein cross-section changed
from Newtonian to non-Newtonian. At the bend, the asymmetry in the velocity profile across the
vein cross-section, with flow velocities higher along the outer wall and lower close to the inner
wall. In the post-bend region, the idealized model again showed asymmetry in velocity profiles
but with flow velocities higher along the inner wall and lower along the outer wall. These findings
identified some general trends to investigate in patient-specific 3D models of the CA. The idealized
CA model shown in Fig. 3.1 with its smooth surface and uniform diameter lacks the intricate

topographic changes found in the individualized models which greatly affect the hemodynamics.

Conventional angiography remains the main imaging modality used for vascular imaging.
Traditionally, AVF complications have been diagnosed and treated with endovascular techniques
most commonly by percutaneous angiography techniques which yield 2D images of the vessel of
interest. As shown in our study, IVUS adds valuable information about the actual vessel’s cross-
sectional area showing areas of hemodynamic turbulence and venous stenosis that may not be

otherwise appreciated from 2D venograms.
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3D modeling of the CA was performed on five subjects at two time points: one at 3 mo.

that represent a mature AVF, and another at 12 mo. at which restoration of WSS should occur
[64]. The remodeling response in the vein after AVF creation should be greatest in the first 2-6

weeks, during which maturation is achieved. Beyond this time, the vein is found to be less “shear
responsive” and adapted to the new flow environment, given venous stenosis does not occur [46].
Our 3D models suggest that the CA is an area of active remodeling beyond 3 mo., there being
significant differences between the 3 and 12 mo. models for all 5 patients in our study. In fact,
follow-up venograms of the CA (as late as 60 months from AVF placement) suggest that the CA

continues to remodel over time.

Using baseline blood flow velocities measured in the patient cohort using Doppler, we
identified areas of abnormal blood flow in our models at 3 and 12 mo. such as high velocity and
low WSS. Correlating these areas between the two time-points and follow-up venograms taken at
later times for the patients and outcome, we find that some areas of abnormal flow that show up
as early as 3 mo. are seen to persist at 12 mo. and can be associated with stenosis. In addition, the
areas of low WSS and high pressure at 3 and 12 mos. are predictive of venous stenosis. We show
the venous bends of the arch have anisotropic (Low) velocity along the inner bend, low WSS and
high pressure. In a blood vessel, velocity of blood flow increases after a constriction or venous
stenosis. The velocity and diameter in our study may not show a relationship because of both
upstream (central vein) and downstream (anastomotic) stenosis.

Patients are subject to further increase in blood flow during hemodialysis three times a
week that is estimated to be 18% above the AVF baseline blood flow [65]. Elevated velocities
during dialysis lead to increased Re and create turbulent conditions in the CA, affecting the

endothelium and worsening the stenosis. High blood flow is prescribed during hemodialysis to
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shorten treatment session duration and maximize solute clearance, but may put the AVF at risk for
adverse outcomes due to altered hemodynamics [66]. The optimal blood flow during hemodialysis

that can maintain adequate clearance without contributing to AVF failure is not known and

warrants further investigation.

There are some limitations to our study which include a descriptive study in a small cohort
of patients lacking racial diversity; the subjects were mostly males who were doing well without
additional co-morbid conditions. None of the subjects required hospitalization during the study,
and attended most hemodialysis sessions. Another limitation is that the current IVUS data were
obtained only from the CA, as this was the area of interest at the time under investigation; we do
not have images of the anastomosis and central veins for this cohort, which could further influence
flow velocity and resultant hemodynamics. There are subtle changes in the CA such as
constrictions which alter the hemodynamics and endothelial activation. There are also additional
vessels known as collaterals (evident in venograms) that can divert flow away from the CA which
affect the hemodynamics but are not accounted for in our model. Finally, and perhaps most
importantly, our models did not account for the effect of biochemical properties on the system,
such as: 1) interplay between the blood components, 2) endothelium, 3) the coagulation cascade,
and 4) inflammatory response from the abnormal flow in the CA. Biochemical factors and cellular
remodeling are also important in understanding and preventing complications and AVF failure and
thus worthy of further investigation.

3.5  Conclusions

In summary, we have shown a systematic approach to exploring complications in

individual ESRD patients under hemodialysis that was never been attempted before to construct a

computational model of the cephalic arch using IVUS and 2D venograms. We emphasize the
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importance of the CA geometry and abnormal hemodynamics, particularly in the bend, that make
the CA downstream to an AVF a unique area for study. Our modeling shows that the signals for
failure may come along early (3 mo.) and if left untreated, can become serious. Through systematic
alterations of geometric or flow parameters, this modeling technique may also be used to prevent
flow conditions that deviate from steady laminar flow which contribute to CA endothelial
dysfunction. These computational models lay the foundation for a study to determine and optimize
the flow and pressure parameters which could prevent altered hemodynamics that cause AVF

complications and failure. Velocity and pressure could be optimized at the anastomosis by external
devices such as Optiflow [66] and VasQ [67] or internal devices such as stents [68] which are

designed to minimize flow disturbances with detrimental consequences on the CA. Computational
modeling shows that hemodynamics may be able to predict clinical sequela, but this will not
provide the whole picture. The endothelium and blood components are also important which need
to be integrated into a model of the cephalic arch. Future studies will include prospective imaging
with computational modeling on a greater number of subjects with statistical tests of the prognostic

performance.
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Chapter 4
Fabricating patient-specific cephalic vein arch millifluidic devices

This work is reprinted with permission from.; Moya-Rodriguez, A.; Xie, B.; Cook, D.; Klineberg,
M.; Nathan, S.; Hammes, M; Basu, A. Creating Patient-Specific Vein Models to Characterize Wall
Shear Stress in Hemodialysis Population. Submitted to Structural and Computational

Biotechnology Journal on July 28", 2022. Copyright 2022 Moya-Rodriguez et al.

4.1 Introduction

We detail the fabrication of transparent elastomer-based millifluidic models in vitro that
capture actual patient-specific dimensions, overall geometry and local topography of their venous
cephalic arches as areas of clinical follow-up. We validate the fidelity of our design and fabrication
workflow using IVUS and optical measurement on such an elastomeric device prototype. We then
build six fluidic devices, including two idealized ‘physiologic’ and ‘pathologic’ models and four
devices that recreate the cephalic arches of 2 hemodialysis patients at 2 time-points from IVUS
and venogram data. All six models are perfused with a transparent, engineered fluid matching the
viscosity and density of blood and containing trace amounts of fluorescent microbeads under
steady-state physiological conditions and imaged extensively to characterize flow in each device.
Briefly, the tracer beads are imaged under epifluorescence and images of the microbeads under
flow are acquired in time-series on each device’s cephalic arch or ‘bend’, along with areas
upstream (prebend) and downstream (postbend) to the bend. We also developed image analysis
software to extract the velocity and WSS of the fluorescent tracer beads from the imaged

streamlines.
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Although the current study details the geometry-hemodynamics interplay under
physiologic flow parameters and is unable to implement pathologic flow rates or pulsatile
waveforms, these models enable a comprehensive study of thrombosis under pathologic flow upon
further optimization. The aspiration is that the geometry and hemodynamics in the fluidic model
matching the patient-specific abnormal flow conditions will help tease out the variability in
thrombosis risk and outcome between patients. Our technology shows promise for systematic
isolation and analysis of vein geometry, flow parameters, blood constituents, and endothelial cell
activation. All factors play a critical role in the nucleation and propagation of thrombosis in an
AVF. Therefore, these factors are worth studying, both individually and collectively, to help

develop personalized care in dialysis that improves that quality of life for ESRD patients.
4.2 Materials and Methods

4.2.1 Device Fabrication

Two time point-specific 3D models of the patient’s cephalic arch (P96 and P104) were
reconstructed from IVUS and venogram of the cephalic arch taken 3 and 12 months (mo.) after
AVF placement [44]. The physiologic and pathologic models were created in AutoCAD with an
average diameter of 3 mm (physiologic) and 6 mm (pathologic) and bend angle of 125°.
Importantly, the physiologic cephalic arch is much smaller than the (enlarged) pathological and
patient-specific geometries presented in this study. Significant and continuous dilation of the
cephalic vein in patients accompany cephalic arch remodeling after AVF placement and over time
to be able to adapt and withstand high flow rates and pulsatile flow transmitted through the AVF
from the bypass artery; these abnormal flow patterns transmitted into the cephalic arch through the
AVF can dominate the steady-state, low-velocity flow seen under physiological conditions. We

doubled the cephalic arch diameter to capture this vein dilation in the pathologic model.
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Inlet/Outlet 3D Printing with PDMS Dissolving Inlet/Outlet Tubing
3D Model Cones Casting Vein Print Adapter Attachment

Figure 4.1: Fabrication of cephalic arch millifluidic devices. (A) Patient computational cephalic
arch model. (B) Inlet/outlet cones addition to computational model to make flow setup tubing
compatible with fabricated millifluidic device inlet/outlet dimensions. (C) Computational model
3D printing with water-soluble PVA filament by material extrusion 3D printer. (D) Post-PDMS
casting, the cephalic arch 3D print is encased in a PDMS block. (E) Inlet/outlet holes are made in
the PDMS blocks and these are submerged in water and autoclaved to dissolve until 3D print is
completely dissolved. (F) Inlet/outlet adapters are incorporated to connect the millifluidic device
to the flow setup and circuit. (G) Tubing is attach to connect it to fluid reservoirs in order to
perform flow experiments and record them via epifluorescence microscopy.

Each model (Fig. 4.1A) was imported into AutoCAD and two cones, each 2 cm in height,
were added to the two ends of each model to help stabilize the flow at the junctions between the
vein model and the flow system (Fig. 4.1B). Additionally, a box-like mold was designed to ease
fabrication of the millifluidic devices. The vein and box mold were exported as a .stl file and
imported to Cura LulzBot Edition 3.2.21 software. 3D printing parameters were set to 0.38 mm
(maximum) resolution, printing temperature of 210°C, with densities of 100% and 10% for the
print and support, respectively. After adjusting the Print Setup, the file was exported as a GCode
File (*.gcode) and transferred to the Taz4 3D printer (#LUKTPRO041NA, B&H Photo) using a

water-soluble, polyvinyl alcohol (PVA; #PVA300NO05, eSUN), filament (Fig. 4.1C).

Once the device and box mold were printed, the box mold was glued to a 150 mm x 15 mm
polystyrene Petri dish (Sigma) with a hot glue gun. Polydimethylsiloxane (PDMS; Catalog #
4019862, Dow Sylgard 184) was mixed at 1:10 (cross-linker: base) ratio and poured on the inside
of the box mold to form an initial thin layer. Air bubbles trapped within the PDMS mix were
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removed by placing the Petri dish in a vacuum desiccator for 30 min before curing at 65°C for 2
hr. Subsequently, the 3D printed vein model was cleaned to remove all support filament and placed
on top of the cured PDMS layer. Another PDMS layer was poured on the box and cured, covering
half the height of the vein print. Upon vacuuming and curing, a final PDMS layer was poured and
cured to completely cover the vein print. This resulted in a PDMS block with 3D printed vein
embedded (Fig. 4.1D). The surrounding 3D printed box mold was removed by cutting out the

PDMS block with a scalpel.

A 1 mm biopsy punch was used to cut into the PDMS to access the tips of the inlet and
outlet cones. The device was immersed in DI water and autoclaved in a B4000-16 BioClave
Research Autoclave (Benchmark Scientific) 4-5 times at 134 °C, 30 psi until the PVA printed
models within the solidified PDMS block were dissolved (Fig. 4.1E). Once dissolved, a cavity that
recapitulates the patient-specific vein geometry (as reconstructed by us from IVUS and venogram
data) remained inside the PDMS device. The millifluidic device was submerged in boiling water
and wiped rapidly to remove any PVA particulate adsorbed onto the device surface. Unless
removed, the PVA particulate coating makes PDMS surfaces significantly cloudy, which can

deteriorate quality of fluorescent images of the device.

Since relatively high flow rates are necessary to mimic physiologic flow of the cephalic
arch, it is critical that leakage-free connections between the fluid reservoirs and millifluidic devices
are established. Given that our fluid reservoirs have tubing ports compatible with 1/16” outer
diameter (OD), 1/32” inner diameter (ID) PEEK tubing and our millifluidic devices have
inlet/outlet ports compatible with 1/16" 1D, 1/8" OD Tygon PVC clear tubing (#6516T11,
McMaster Carr), a cuffed tube-tube connection adapter was made to couple tubing. To achieve

this, the ring portion of 8-gauge AWG crimp ring terminal connectors (#1IGCRT8-10, Amazon)
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were cut with a sheet metal cutter (#DWHT14675, Amazon) in order to obtain a cast-able
cylindrical mold. Around 4 cm of the PEEK tubing was inserted into the Tygon tubing. A rubber
sleeve was positioned to tightly cover the PEEK tubing-Tygon tubing connection placed in the
center of the mold. The bottom of the cylindrical mold was then sealed with Parafilm M wrapping
film (#S37440, Fisher) to keep tubing components in place. The PEEK tubing-Tygon tubing
junction was positioned vertically such that both tubing ends were coaxially aligned relative to the
cylindrical mold. Low-viscosity epoxy resin (#4336899262, Amazon) was poured into the
cylindrical mold to encase the tubing junction. The resin was allowed to cure at room temperature

for at least 24 hr. to ensure that any potential leaks in the tubing junction were sealed (Fig. 4.2A).
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Figure 4.2: Tubing connections and inlet/outlet setup: (A) Tubing-tubing junction showing the
different tubing diameters and materials. Tygon tubing (indicated by blue arrow) is connected to
the millifluidic device while PEEK tubing (indicated by red arrow) is coupled to the BMF
reservoirs. (B) Inlet adapter
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To stabilize the junction between the millifluidic device and the coupled tubing adapter,
two small 3D-printed box molds were used to cast PDMS (Fig. 4.2B). Plastic barbed tube fittings
(3/32" OD x 1/16™ ID, #5117K41, McMaster-Carr) were plugged into both the inlet and outlet of
all devices (Fig. 4.1F). The smaller box molds were aligned with the device inlet and outlet and
affixed to the device using a hot glue gun. The Tygon-tubing end of the tubing adapter was
connected to the barbed fitting at the device inlet through a hole in the small box mold; the outlet
tubing was similarly attached to the barbed fitting on the device outlet. Finally, PDMS (1:10
crosslink/elastomer) was cast and cured on the small box molds to seal the junctions. The inlet
tubing was connected to the fluid reservoir; the pressure-driven flow control system also connected
to the fluid reservoir and drove unidirectional flow in the millifluidic devices (Fig. 4.1G). The
outlet tubing was allowed to drain out at atmospheric pressure. Six fluidic devices were fabricated:
physiologic, pathologic, patient P96 imaged 3 (P96, 3 mo.) and 12 months (P96, 12 mo.) after
AVF placement, and patient P104 also imaged 3 (P104, 3 mo.) and 12 months (P104, 12 mo.) after
AVF placement. All fabricated devices are displayed in Fig. 4.3A-F, along with their average vein

‘lumen’ diameters.

Patient 96 Patient 104
1 1

Physiologic Pathologic 3 months

pm————

12 months

==
b

3mm 6 mm 6.6 mm

Figure 4.3: Fabricated cephalic arch millifluidic devices and respective average vein diameters
(mm) capturing physiologic (A), pathologic (B) and patient-specific geometries at 3 and 12
months post-AVF creation (C-F).
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A ‘phantom’ device, based on a patient (P98, 3 mo., average vein diameter = 8.5 mm)
chosen at random, was created for geometric validation of our device fabrication method (Fig.
4.4A), to check if the internal cavity geometry of fabricated ‘phantom’ matched the geometry of
the computational model it was based on. The inlet/outlet ports were simplified in the phantom

model since flow was not necessary to image the internal cavity of the device.

Figure 4.4: Validation equipment and phantom model imaging (A) Phantom model of the cephalic
arch canulated with IVUS transducer catheter. (B) IVUS catheter. (C) Portable 1VUS imaging
console. (D) IVUS image obtained from the phantom model flushed with 1X PBS.

4.2.2 Validating Device Fidelity in Recapitulating Cephalic Arch Geometry

To confirm that the internal vein geometry of our millifluidic devices match the geometry
of the computational models they are based on, we performed IVUS on the millifluidic phantom
device, henceforth referred to as the ‘phantom’, to generate 3D computational models constructed

from each IVUS pullback imaging performed on the phantom device that could be used for
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geometric comparison. This process was followed to test consistency of 1IVUS imaging across
different trials, as well as for fidelity of our 3D modeling and device fabrication processes in
recapitulating vein geometry. We reasoned that if our phantom millifluidic model were faithful to
the IVUS images, then the models reconstructed from different rounds of IVUS imaging of the
said device would match each other, as well as the original model used to fabricate the millifluidic

device in the first place.

The millifluidic phantom device (Fig. 4.4A) was filled with 1x phosphate buffered saline
(PBS), punctured using a 21G micro-puncture needle and a 0.018” micro-puncture wire was
inserted into the ‘lumen’ of the model, which served as a guide wire for the imaging catheter (Fig.
4.4B). Next, a 4 French (Fr) micro-puncture sheath was advanced over the guidewire and
exchanged via a 0.035” guidewire for a 5-Fr Cordis vascular introducer sheath (Cordis
Corporation, Miami Lakes, FL), de-gassed, flushed and secured in place. Then, a Hi-Torque
Floppy II coronary guidewire (Abbott Vascular, Santa Clara, CA) with 0.014” x 190 cm
dimensions was introduced into the lumen of the phantom and positioned distally. Finally, a Philips
Volcano Eagle Eye Platinum 20 MHz Intravascular Ultrasound (IVUS) catheter was prepared,
flushed and introduced over the coronary guidewire into the millifluidic phantom model and
subsequently positioned within the proximal cephalic arch to simulate the in vivo starting IVUS
position. The IVUS catheter was calibrated using the portable IVUS imaging console (Fig. 4.4C)
to eliminate near-field ring-down artifact and the field of view was adjusted to ensure full
circumferential visualization of the model (Fig. 4.4D). Interestingly, the contrast of the lumen
images was higher in the PDMS millifluidic phantom model than in actual patient cephalic veins.
Two independent IVUS pullback recordings in grayscale were performed using a research-quality

pullback sled at a rate of 1.0 mm/s.
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Venogram imaging was not required on the PDMS device; PDMS being transparent,
allowed direct imaging of the general contour of the vein when perfused with food color dye. This
image was processed using ‘threshold’ and ‘skeletonize’ functions in NIH ImageJ [69] to obtain
the vein path. This was combined with the IVUS images of the millifluidic phantom device

obtained as described above to reconstruct 3D models [44].

4.3 Results and Discussion

Two series of IVUS pullback measurements were performed on the phantom, referred to
as ‘OG’, (Fig. 4.5A), each of which was used to generate a 3D model in silico (Fig. 4.5B, C),
referred as ‘Vall’ and ‘Val2’, respectively. 2D images of Vall and Val2 in the xy-plane were
captured at 5° rotational increment along the z-axis and co-axial to prebend vein path, up to 180°
to compare the 3D models. Snapshots of OG, Vall and Val2 were overlaid at each rotational angle
and the overlap areas were calculated to quantify the differences in local topography. Fig. 4.6
shows the models (in black) at rotational angles of 0°, 45° and 90°, along with their area overlap

(white).

Figure 4.5: Computational phantom models used for geometric validation: (A) Original phantom
computational model used for device fabrication. (B-C) Validation models reconstructed from
IVUS and optical imaging performed on phantom millifluidic device (replicates).
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Figure 4.6: Geometric validation strategy schematic: all models were rotated with respect to the
z-axis and 2D images from top perspective were overlapped to evaluate area overlap from 0-180°
rotational angles with 5° rotational increments.

The total area projection in xy-plane for OG, Vall and Val2 across 180° rotational angles
are shown in Fig. 4.7, with an average overlap of 95.05 + 3.92% (Fig. 4.8). This suggests that our
3D modeling of patient veins using IVUS and venogram imaging and 3D printing fabrication
method yield reproducible vein models with relatively accurate representations of vein
topographies. The Pearson correlation of the total areas between OG, Vall and Val2 are > 0.5

across all rotational angles (Table 4.1). The area correlation between Vall and Val2 is higher
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(revair_vaz) = 0.99) than either of these models with respect to OG (roc_vai1) = 0.66 and roc vai2) =
0.62). We noted that IVUS imaging of the lumen in PDMS device offered higher contrast (Fig.
4.4D) compared to 1VUS images of veins, potentially due to difference in material properties,
leading to higher r value. Lower area correlation between the original and validation models could
also result from the limited 3D-printing resolution. Overall, we see good agreement between the

original and reconstructed models.
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Figure 4.7: Area values for all models across 180° of z-axis rotation.
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Figure 4.8: Area overlap between phantom computational models upon z-axis rotation.
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Table 4.1: Area comparative analysis of original and validation phantom computational models

Phantom Mean Total Area Compared Mean Area | Area Pearson
Model (cm?2) Models Overlap (%) | Coefficient (r)
0G
Original 6.13 (+0.33) Vall 94.90 (+3.87) 0.66
0G
Validation #1 |  6.46 (+0.25) Valz 95.20 (+4.08) 0.62
Vall
Validation #2 |  6.44 (+0.24) Val2 99.70 (0.40) 0.99

4.4 Conclusions

We were able to validate our fabrication method to confirm that it is able to faithfully
recreate patient-specific vein geometries with high degree of fidelity. Subsequently, we will
employ our 3D printing fabrication methods to create cephalic arch replicas of our studied patient
cohort in the form of millifluidic devices. This will allow us to experimentally characterize WSS
by imaging physiologic flow using a blood-mimicking fluid. Overall, this denotes a step closer
towards quantifying WSS across patient-specific cephalic arches to better understand WSS

influence over vascular pathologies.
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Chapter 5
Wall Shear Stress Characterization at Constant Physiologic Flow Rates

This work is reprinted with permission from.; Moya-Rodriguez, A.; Xie, B.; Cook, D.; Klineberg,
M.; Nathan, S.; Hammes, M; Basu, A. Creating Patient-Specific Vein Models to Characterize Wall
Shear Stress in Hemodialysis Population. Submitted to Structural and Computational

Biotechnology Journal on July 28", 2022. Copyright 2022 Moya-Rodriguez et al.
5.1 Introduction

Nonetheless, WSS studies in blood vessels have shown an exceptionally wide range of
WSS values that are associated with stenosis which ultimately leads to thrombosis. Experiments
carried out in porcine models show that carotid artery stenosis is promoted when WSS levels are
around 800 mPa [70]. Moreover, in another study done in patients with moderately stenosed
carotid arteries, Zhang et al found that the average axial WSS in local high and low-risk plagues
was of 200 and 150 mPa, respectively [71]. Using a canine model for AVF stenosis, Jin et al
reported that AVF regions prone to neointimal hyperplasia experienced a WSS range of [340 -
17,300] mPa while non-stenosed regions experienced a range of [1,150 — 11,730] mPa which
makes it difficult to determine pathologic WSS given the range overlap [72]. Further studies in
saphenous vein grafts and pulmonary veins show that stenosis-inducing WSS levels were 1,200

mPa and >1,000 mPa, respectively [73, 74].

Collectively, non-pathologic and pathologic WSS in different vascular systems (venous
and arterial) and model organisms reported in literature often overlap, making it difficult to truly
understand WSS influence in AVF maturation and patency [75]. Colley et al suggest that there is

an optimal WSS range for each specific vascular segments which, upon surpassing in either
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direction, result in vascular pathologies [76]. Given the differences in native blood vessel
geometries and physiologic flow rates, what may be considered as pathologic WSS (i.e., inducing
stenosis and/or thrombosis), has to be evaluated for a specific vein or artery, considering patient-
specific patho-physiological parameters. Therefore, more studies that consider patient-specific
geometries and hemodynamic conditions are necessary to understand how WSS affect stenosis

and thrombosis through the course of disease.
52 Materials and Methods
5.2.1 Flow Setup

Millifluidic devices were imaged on an Olympus 1X83 microscope (Fig. 5.1), perfused with
blood-mimicking fluid (BMF, distilled water with 6.3 % (w/v) Dextran, D4876-50G, Sigma-
Aldrich) with viscosity and density of 3.5 mPa*s and 1.022 + 0.001 g/mL and containing trace
amounts (4x10°%, v/v) of 2-um fluorescent polystyrene microbeads (Catalog # FCDG008, Bangs
Labs). A concentration of 4 % Dextran in BMF (w/v) with a viscosity and density of 2.4 mPa.s
and 1.013 £ 0.001 g/mL, respectively, was also used in some flow experiments. Comparing to
physiologic blood, the reported viscosity range and density of human whole blood is [3.5 - 5]
mPa*s and 0.994 + 0.032 g/mL [77, 78]. BMF was perfused into the millifluidic devices under
physiologic steady-state flow at 20 mL/min [18], using an OB1 MK3+ pressure-driven flow
control system (Elvesys, France; Fig. 5.1). Component diagram of the fluidic circuit is shown (Fig.

5.2).
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Figure 5.1: Experimental setup to image flow experiments. Components include: pressure
modulator (red arrow) connected to air compressor, reservoir (blue arrow) of blood-mimicking
fluid with fluorescent tracer beads, millifluidic device (green arrow) under flow mounted on the

microscope stage.

Air Compressor

Collection Reservoir

Pressure Modulator

Fluid Reservoir = | Epifluorescence

—p Fluidic Device

Microscopy

Figure 5.2: Component diagram of experimental flow/imaging setup.
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5.2.2 Imaging

The steady-state flow at 20 mL/min, represents a healthy flow rate for non-arterialized
cephalic veins [25]. BMF was flown at 20 mL/min into each device at steady-state to characterize
WSS in the device as a function of local vein geometry; the flow rate was maintained while the
cephalic arch models were imaged close to the device wall using epifluorescence microscopy.
Image quality limitations only allowed imaging in areas close to the PDMS-BMF interface of the
millifluidic device, henceforth referred to as the ‘vein wall’. Focusing deeper into the BMF
resulted in higher background fluorescence and also made the vein wall substantially more difficult

to resolve in the images.

To calculate WSS, we imaged tracer beads flow close to the wall (< 400 pm). Flow
streamlines adjacent to the vein wall should accurately capture local flow velocities and WSS.
Videos of flow trajectories of the fluorescent beads were imaged under 6.4X magnification (using
a 4X, NA=0.16 objective and 1.6X built-in microscope magnification) at 40 frames per second
(fps) and 50-100 ms exposure times (depending on device), using a Hamamatsu ORCA Flash4.0
camera and MetaMorph software (Molecular Devices, USA) under GFP illumination (488 nm/510
nm). Videos (100 image frames, each frame containing 2048x2048 pixels) of tracer beads
streamlines were obtained from 18-22 positions, each referred to as a Region Of Interest (ROI),
per device. Moreover, at least 10 streamlines were extracted per flow video frame. This yielded
fluorescent streaks of reasonable lengths from which local flow velocities were calculated across

outer and inner walls of prebend, bend and postbend regions (Fig. 5.3).
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Prebend Bend

Direction
of flow

Postbend

Figure 5.3: Vein region diagram showing prebend (blue), bend (red) and postbend (green) and
employed direction of flow (yellow arrow).

Note that for a given flow velocity, longer exposure times lead to longer fluorescent streaks in
the images (Fig. 5.4A-C). Videos containing 100 frames each were acquired per ROI and saved
as 16-bit .tiff files for subsequent off-line data processing and analysis using ImageJ and Python,
respectively. Overall, 18-22 ROIs were captured at a given flow rate per device, across prebend,

bend and postbend regions.
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Figure 5.4: Sample ROI flow data depicting how increasing exposure time (msec) during image
acquisition increases streamline length. Experimentally, exposure time is adapted to employed
flow rates and millifluidic devices to yield sufficiently long streamlines for downstream analysis.

5.2.3 Image processing

All videos needed to be pre-processed with a macro-code written in NIH ImageJ [69] to
extract a) high-contrast streamlines, and b) outline of the vein wall for any given ROI, before using
our automated Python-based pipeline to calculate flow velocity and WSS. ImageJ pre-processing
(Fig. 5.5A-B) consisted of the following functions performed sequentially on each raw image stack
(Fig. 5.6A): contrast enhancement, background fluorescence subtraction, de-speckling, brightness
and contrast adjustment (Fig. 5.6B), threshold adjustment (Fig. 5.6C), binarization, and ‘Analyze

Particles’ to filter streamlines by size and circularity (Fig. 5.6D).
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Figure 5.5: Image preprocessing steps using ImageJ to extract (A) streamlines, and (B) outline of
the vein wall.
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Figure 5.6: Image processing on sample ROI (A) ROI raw imaging data example from captured
flow videos across the cephalic arch millifluidic devices. (B) Highlighted streamlines after
sequentially: enhancing contrast, subtracting background, subtracting average intensity,
despeckling and adjusting brightness and contrast (the latter being ROI dependent). (C) ROI
dependent thresholding resulting in binary images that capture bright and well-defined streamlines.
(D) Particle filtering by means of Analyze Particle function and adjusting size and circularity
parameters to select for streamlines while filtering out low-quality out-of-focus streamlines and
diffraction artifacts. € Max intensity projection of flow videos that facilitates outlining vein wall
boundary. (F) Binary image generated after outlining vein wall boundary. (G) Addition of vein
wall outline to filtered streamlines (D+F). (H) Streamline perpendicular projection onto vein wall
boundary which allows calculating WSS.
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The ‘Analyze Particles’ function is also useful to filter out image artifacts like diffraction
rings, small debris, etc. Streamlines out of the focal plane that are less bright than the streamlines
in the focal plane are filtered out. Given that experimental conditions such as flow rate, exposure
time, magnification and numerical aperture of the objective, bead concentrations, etc. affected
streamline quality and varied between experiments, the function parameters in the macro-code

needed to be adjusted for each tiff-stack.

Identifying the vein wall boundary in the ROIs is important to calculate WSS. A maximum
intensity Z-stack projection was made on the tiff-stack to generate a single wall boundary image
from each ROI (Fig. 5.6E), manually outlined, binarized (Fig. 5.6F) and added to each frame of
processed streamlines, using the ‘Image Calculator’ function. These image pre-processing steps
generated .tiff files of 100 frames each for each ROI, with each frame containing binarized

streamlines of fluorescent beads and the vein wall outline (Fig. 5.6G).

Since the binarized images produced by the ImageJ preprocessing were less susceptible to
variation, we developed a customized image processing pipeline in Python to calculate velocity
and WSS from the pre-processed data from each ROI. Individual image frames ordered in time
were generated in .tiff format for analysis. To extract velocity streamlines in each image frame,
we used the ‘connected components detection’ algorithm [79] in OpenCV, an open-source
software package for computer vision [79], to obtain all connected objects in each image frame.
Next, we assigned a tight bounding box to each connected component. Bounding boxes of those
connected components that met the following criteria were selected as velocity streamlines per
frame: size in pixels (area of the fitted bounding box ranging between [75, 9000]), shape
(height/width ratio of the bounding box between [3, 100]), height between [15, 500], and width <

50.
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After assigning velocity streamlines to each frame, we aggregated all streamlines in an ROI
(as time series .tiff) into a global frame. We reconstructed the vein wall boundary per frame from
the binarized contour of the wall boundary marked in each frame. We projected the velocity
streamlines perpendicularly onto the wall boundary. For each pixel in the wall boundary, we
searched all streamlines in the frame and collected those streamlines that were projected at 90°
onto the pixel point on the wall boundary (Fig. 5.6H). We also used the measured viscosity of the
BMF and the perpendicular distance of detected streamlines to the wall boundary to calculate
WSS. If multiple streamlines were projected to the same pixel in the wall boundary, an average

WSS value was computed for the pixel.

Using the pipeline described above, we calculated frame-by-frame information on
streamline count, mean velocity (mm/s) and mean WSS (mPa). Violin plots of the mean and
distribution of velocity (red) and WSS (green) calculated from the streamlines in each frame are
shown for a series of 100 frames acquired consecutively over time (Fig. 5.7) for an ROI chosen at
random from the outer (top) and inner (bottom) walls of the prebend, bend and postbend regions
of the pathologic model. For any given ROI, the velocity and WSS values fluctuate around an

average that remains stable over time, as expected for constant flow rate.
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Figure 5.7: Flow video analysis output for six representative ROIs from the pathologic model
across the three main regions (prebend, bend and postbend) and wall sides (inner and outer): WSS
and streamline velocity violin plot across flow video frames.

68



5.2.4 Theory and Calculations

Wall shear stress, T was calculated as:
r=nY
= 7’ P

where 7 is the fluid’s dynamic viscosity, v is the streamline velocity and h is the distance between

streamline and vein wall boundary.

Though the viscosity, 7 of blood and BMF are shear-thinning [80], we use an average value
(3.5 mPa-s) for simplicity. This value was measured in BMF, using a rotational rheometer (Anton

Paar MCR 301) under physiologic shear rates (20-200 s) [63]. The coefficient of variation (CV)

standard deviationyss

for WSS is calculated as CV (%) = ( ) * 100. Since we used a fixed flow rate

meanyss
in all imaging experiments and vein diameter and surface topography influence flow velocity, we

use CV to characterize and compare flow properties in different fluidic devices used in this study.

5.3 Results

ROIs in each device were grouped by the inner and outer walls of the prebend, bend and
postbend regions and their WSS values were averaged to obtain a representative value for these
regions. Average WSS values in the inner prebend, inner bend, inner postbend, outer prebend,
outer bend and outer postbend regions in each device are shown in Fig. 5.8. When averaging across
all ROIs in a given model, we found that the highest average WSS value of 255.38 + 54.08 mPa
was measured in the ‘physiologic’ device with the smallest average vein diameter (Table 5.1).
Conversely, the lowest WSS values (26.89 + 6.18 mPa) were measured in the inner prebend region
of the ‘P104, 12 mo.” device (Fig. 5.8 ) that also had the largest average vein diameter. Overall,
average WSS, calculated from all ROls in a device, scaled inversely with the average vein diameter

of the device (Fig. 5.9).
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Figure 5.8: Experimental WSS profiles depicts the average WSS (mPa) value per vein region and
wall side under normal physiologic flow of 20 mL/min using a blood-mimicking fluid. Vein model
average vein diameter (mm) is shown below each cephalic arch outline.

Table 5.1: Geometric parameters, BMF viscosity, experimental WSS values (min, max, global
average and median), mean frames per flow video, WSS CV values and ROI wall coverage values
across cephalic arch millifluidic devices under physiologic flow.

Diameter | Vein Surface |BMF Viscosity [Min WSS| Max WSS | Global Average WSS |WSS Median| Mean Frames | Average |Average ROl Wall
Model (mm) Topography (mPa*s) (mPa) (mPa) (mPa) (mPa) per Flow Video| WSS CV (%) | Coverage (%)
Physiologic 3 Smooth 3.5 34.13 | 2688.16 | 255.38 (+x54.08) 199.35 99.95 73.98 96.67
Pathologic 6 Smooth 3.5 4.56 | 479.55 34.52 (+1.36) 29.48 99.95 81.54 96.02
P96 3mo 6.6 Rough 3.5 8.29 431.44 54.11 (+10.32) 43.34 100.00 73.92 89.12
P96 12mo 6.6 Rough 3.5 11.92 | 561.90 70.76 (+3.26) 53.70 100.00 79.99 88.25
P104 3mo 9 Rough 3.5 3.23 1261.63 35.75 (£3.91) 22.04 99.55 118.61 97.92
P104 12mo 11 Rough 3.5 3.58 | 1132.31 26.89 (+6.18) 15.94 99.73 161.87 97.15
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Figure 5.9: Average WSS box plot across all models and their respective ROIls, average vein
diameters shown on legend. Flow data collected using BMF with viscosity of 3.5 mPa*s under
physiologic flow.

WSS values measured in the physiologic model under physiological flow rates ranged
between 203 + 73 mPa in the inner bend to 346 + 229 mPa in the outer prebend regions (Fig. 5.8).
Note that these values are within the range of physiologic WSS values previously reported in the
cephalic vein [81]. Next, we compared flow in the physiologic and pathologic models that have
same arch angle but different vein diameters (3 and 6 mm, respectively). We measured relatively
symmetric WSS in the bend region and striking asymmetry in the postbend region (Figs. 5.8,
5.10A). This agrees with fluid dynamics principles in pipe flow at geometric bends [44]. In this
situation, higher velocities are expected at the outer wall of the postbend region, along with lower

velocities close to the opposite wall (inner bend). WSS polarization in prebend region is absent in
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the pathologic model, consistent with shorter velocity streamlines measured in the pathologic
model, at similar volumetric flow rates [44]. We acknowledge that this polarization in WSS could

also be due to artifacts in fabrication or flow setup (described later).

AXWN |

Top view 4@ Top view A >

physiologic
pathologic

Side view physiologic

pathologic

Figure 5.10: Top and side views of (A) physiologic and pathologic, (B) P96: 3 and 12 mo., and
(C) P104: 3 and 12 mo. cephalic arch models. Red arrows in (B) in P96, 3 mo. model highlight a
constriction in the postbend region. Patient-to-patient geometric heterogeneity and evolution is
depicted across time.

Despite patient P96 having similar average diameters (6.6 mm) and arch angles (133° and
132° at 3- and 12-mo., respectively), we identified significant geometric remodeling of the
cephalic arch in 3D, particularly at the postbend region, which narrowed between 3 and 12 mo.
(Fig. 5.10A). These geometric changes influence resulting WSS across different regions of the
cephalic arch. For example, we observed significant increase in WSS in the prebend region and
the outer wall of the postbend region from 3 to 12 mo. Moreover, WSS evens out in the bend
region at 12-months, which contrasts the striking asymmetry observed at 3 mo. These findings
indicate that AVF maturation can prominently affect hemodynamics in the cephalic arch through

subtle geometric and topographical changes.
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Using the pathologic and P96 models to compare veins of similar sizes (6 and 6.6 mm,
respectively), we note differences in WSS patterns in the prebend and bend regions between the
models. Except for the postbend region, the pathologic model has similar WSS magnitudes on the
inner and outer walls. This is not the case for P96 models at 3 and 12 mo. where WSS is asymmetric
in the inner and outer bend, across all regions. This is most likely due to the uneven topography of
the vein walls in P96, compared to the smooth wall of pathologic model and symmetric geometry
along the vein lumen (Fig. 5.8, 5.10A-B). For patient P104, the average vein diameter increases
from 9 mm to 11 mm and arch angle decreases from 125° to 115° between 3 and 12 mo.,
respectively (Fig. 5.8, 5.10C). Except for the outer bend region in P104, there is consistent
decrease in WSS at decreased flow velocity due to increase in vein diameter (at fixed volumetric

flow rate).

At fixed volumetric flow rate, we measure greater CV in average WSS with increased vein
diameter (Fig. 5.11). Devices with narrower veins, e.g., physiologic device (3 mm) show low CV
(74%), whereas devices with larger vein diameter (11 mm in P104, 12 mo.) record larger CV
(162%). We also characterized WSS and CV in the pathologic and P104 (3 and 12 mo.) devices at
20 mL/min, but at two different viscosities, 2.4 and 3.5 mPa-s (Figs. 5.12, 5.13) by adjusting the
concentration of dextran in BMF. We found reproducible trends at these viscosities, where WSS
CV increased systematically with average vein diameter: the pathologic model (6 mm) showed the
lowest CV, followed by the CV in P104, 3 mo. (9 mm) and P104, 12 mo. (11 mm) models (Fig.
5.13). We noted lower average WSS and standard deviation at 2.4 mPa.s, compared to 3.5 mPa.s.
These results highlight the complexity of the system where vein diameter, geometry, surface

topography and viscosity contribute to WSS in the cephalic arch.
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Figure 5.11: WSS CV box plot across all models and their respective ROIs, average vein
diameters shown on legend. Flow data was collected using BMF with viscosity of 3.5 mPa*s under
physiologic flow.
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Figure 5.12: Average WSS plot for pathologic and P104 cephalic arch models under physiologic
flow using BMF of varying viscosity (2.4 and 3.5 mPa*s). Average vein diameters and viscosities
are shown in legend.
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Figure 5.13: WSS CV box plot for pathologic and P104 cephalic arch models under physiologic
flow using BMF of varying viscosity (2.4 and 3.5 mPa*s). Average vein diameters and BMF
viscosity are shown on legend.

54 Discussion

Hemodialysis patients with AVF undergo continuous changes in the cephalic arch,
including vein diameter, topography, arch angle, blood flow rate, viscosity and pulsatile flow.
These physical factors collectively affect local WSS which elicit diverse and area-specific
responses in the vein endothelium to initiate the coagulation cascade [82, 83] toward thrombosis.
Changes in these physical parameters between patients as well as between time points (e.g., 3 and
12 mo. after AVF creation) for any given patient make it difficult to assess thrombosis risk in the
patient population.

Our physical models present a means characterize WSS in the cephalic arch, understand
the contribution of these factors in creating abnormal hemodynamic conditions that cause
thrombosis and finally, systematically manipulate these physical parameters in patient-specific
manner with the aim to adjust WSS in the cephalic arch, through clinical intervention within
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physiological limits to prevent thrombosis in hemodialysis patients. This study presents the
fabrication of fluidic models that recreate patient-specific vein geometry, infusion of the device
models with a fluid that mimics blood density and viscosity, recapitulate physiologic flow on the
devices, and imaging-based characterization of velocity and WSS of the models. We image close
to the vein wall (within 400 um) which was sufficient to calculate WSS across all ROI in all

models.

We saw that average WSS decreased with increase in average vein diameter (Fig. 5.9);
however, patient-specific vein geometry and wall topography also influenced WSS. CV in average
WSS, however, roughly increased with increase in vein diameter (Fig. 5.11). For example,
comparing the pathologic and P96 models with roughly similar vein diameters but marked
different geometry and wall topography, the pathologic model recorded lower WSS than the P96
models but all three models showed similar CV. Surface topography does not seem to be a major
contributor to WSS dispersion in relation to mean WSS in relatively small veins under physiologic

flow.

WSS values outside the physiologic venous range [76-760] mPa can lead to stenosis (if <
76 mPa) and endothelial denudation (if > 40,000 mPa) [41]. In our experiments, we only get
physiologic WSS values in the physiologic model. All other models had WSS values below 76
mPa, but we emphasize that we did these experiments under (lower) physiologic cephalic vein
flow rates (at 20 mL/min). We are currently optimizing our device fabrication and experimental
setup to achieve and endure higher pathologic flow rates [262 — 1,512] mL/min, as measured in
the two patients in this study. We hypothesize that these high flow experiments will result in higher
WSS values, potentially higher than 760 mPa, but might reveal regions throughout the cephalic

arch that still retain WSS values < 76 mPa, as predicted in previous computational studies.
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We found that the physiologic model and P96 models, the latter being more than double
the diameter of the former and topographically rugged, had very similar CV values. Thus, surface
topography does not seem to be a major contributor to WSS dispersion in relation to mean WSS
in relatively small veins under physiologic flow. Moreover, comparable CV values are also
obtained within the pathologic model, where the vein is twice times as wide as the physiologic
model. Nonetheless, topographical descriptions of these models are strictly qualitative, so devising
a quantifiable measure of ruggedness will progress our understanding of topography-WSS

interplay.

It is evident that cephalic arches of patient models (P96 and P104 at 3 and 12 mo.)
responded differently in terms of vein remodeling to AVF placement and hemodialysis treatment.
Upon further optimization of our devices and flow imaging scheme to achieve pathologic patient-
specific flows and generate pathologic experimental WSS profiles, we expect drastic differences
in WSS magnitudes that could correlate with biophysical signaling resulting in observed patient-

specific geometric phenotypes.

Blood viscosity, a crucial factor influencing WSS, can fluctuate over time in a patient-
specific manner. We identified significant effect of viscosity on WSS (Fig. 5.12) but not on its CV
(Fig. 5.13). Changes in whole-blood viscosity and WSS likely trigger endothelial cell activation
before and after hemodialysis sessions where solute concentrations and osmotic pressures are

readjusted, especially when treatment is administered three times a week [84].
55 Limitations and Future Directions
Certain limitations in our setup prevented reproducing hemodynamic conditions in the

cephalic arch of AVF patients. As mentioned earlier, an eddy in the prebend region (Fig. 5.14A),
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generated by a mismatch in tubing and device diameters, prevented us from imaging the entire
device. In future studies, we will mitigate the effect by replacing our current connection tubing of
1/16” ID with wider tubing. This will create a more gradual transition in flow velocities from
tubing to vein model, thus decreasing the size of the eddy. Preliminary experiments with wider
tubing seem to eliminate any eddy formation in the prebend region (Fig. 5.14B), though further
experiments are needed to confirm if this holds true across all models and different experimental
conditions. We also expect that larger ID connection tubing will allow us to achieve pathologic
flow rates. Also note that the size and magnitude of this eddy in the prebend also depend on

viscosity, a parameter that varies from patient to patient.

Figure 5.14: Images comparing the effect of narrow and wide inlet tubing diameter on flow at the
prebend regions of millifluidic devices under physiologic flow condition. (A) Narrow tubing
causes an eddy (yellow arrows indicate the direction of flow) extending up to a small portion of
the prebend region. (B) Laminar flow (yellow arrow indicates the direction of flow) in the prebend
region of the millifluidic device is achieved by increasing inlet tubing diameter and improving
tubing-device connection. The images are constructed from videos of tracer beads in the prebend
region.
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Currently, our models reliably achieve flow rates of 20 mL/min seen in physiologic
conditions but falls far short of flow rates > 350 mL/min seen in patients under hemodialysis [46].
Additionally, we are developing the capability of modulate flow rates in a programmable way on
our current setup to match patient-specific pulse profiles, along with data processing tools to
calculate WSS under pulsatile flow [43]. These flow parameters are also of interest since pulsed
flow in veins, coupled with dramatically increased flow rates might synergize together, resulting
in thrombosis and clotting pathology in the hemodialysis population. Finally, adding a layer of
endothelial cells to the inner wall of these millifluidic devices [85] and quantifying their
biochemical responses under flow [86, 87] are necessary to biologically complement generated

WSS profiles [44].

Due to limitations in imaging setup (objective with low NA (0.16), imaging through thick
layer of PDMS and high scattering), we were unable to image deep into the fluidic devices. As a
consequence, we limit WSS measurements to the lower half of the vein (closer to the objective).
However, the asymmetric geometry of the fluidic models requires better coverage in imaging the
devices in the current configuration, including their upper half. This can be achieved by using
confocal microscopy, objective with high NA and long working distance, and lower concentration
of tracer beads in flow experiments (conversely, the device may be also flipped to image the upper
half in the current configuration). Additionally, newer 3D printer models are now capable of XY
and Z-layer printing resolutions that surpass TAZ4 3D printer used in this study. It is reasonable
to expect higher correlations and area overlap between original and validation models by using

improved 3D printing resolution.

Nonetheless, the present work shows that we have developed a robust workflow and

analysis pipeline to characterize WSS under healthy, physiologic flow conditions, a base
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knowledge needed to contrast from pathologic findings in the future. Also, if venous blood clots
can be recreated in vitro in our devices, extracted and studied by histological and biochemical
methods, they can lead to the synthesis of novel and more efficient anticoagulant and thrombolytic

therapies that help decrease lethal thrombotic events.

5.6 Conclusions

In this work, we explored diverse geometries of the cephalic arch in hemodialysis patients
with AVF. Nonetheless, we must recognize that vein physiology is constantly evolving and
adapting to genetic and environmental inputs, especially in artificial circulatory scenarios such as
AVFs. Therefore, in order to address current AVF failure rate, we set out to design and fabricate
patient-specific cephalic arch replicas in the form of millifluidic devices to characterize
hemodynamics and WSS under physiologic flow. We also created an image analysis pipeline to
characterize flow and calculate WSS from videos of tracer particle streamlines. We applied novel
3D printing and advanced biomedical imaging technologies to study fistulas and connected vessels
that are affected by thrombosis. To our knowledge, this is the first experimental work to generate
patient-specific AVF vein models to help characterize geometric and flow abnormalities that

underlie thrombosis and associated pathologies in the clinical setting.
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