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Hemodynamic optimization of a novel single-puncture
dual-lumen coaxial catheter for arteriovenous fistula
access: A computational fluid dynamics study
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ABSTRACT

OBJECTIVE: Arteriovenous fistula (AVF) is the gold standard for hemodialysis access, but traditional dual-needle cannu-
lation is limited by a restricted cannulation area and progressive stenosis; single-puncture systems may reduce these risks
if hemodynamics can be optimized to prevent recirculation. This study aimed to design a novel single-puncture dual-lumen
coaxial catheter and to evaluate its hemodynamic performance, flow efficiency, and recirculation rate using high-resolution
computational fluid dynamics (CFD).

METHODS: In this CFD and design-optimization study, a dual-lumen coaxial catheter with a unique fenestration geometry
was designed and analyzed using SolidWorks Flow Simulation at a physiological temperature of 37°C. Boundary conditions
included an AVF flow rate of 1000 mL/min and a dialysis pump speed of 300 mL/min. The primary endpoints were flow ve-
locity, shear stress, and recirculation control.

RESULTS: CFD simulation (1,030,641 cells) showed a maximum flow velocity of 12.69 m/s and a peak calculated shear stress of
2,602.45 Pa at the narrowest lumen section; because blood damage depends on both stress magnitude and exposure time, these
computational data alone do not establish blood compatibility. Thermodilution analysis yielded a theoretical recirculation rate of
0.007% under the modeled conditions, and flow trajectories showed spatial separation of the venous jet from the arterial intake.

CONCLUSION: Under the modeled steady-state conditions (AVF flow, 1000 mL/min; dialysis pump flow, 300 mL/min), CFD
predicted stable separation of the return and aspiration streams and a theoretical recirculation rate of 0.007%. These proof-
of-concept findings support further geometric optimization and physical testing; they do not establish clinical safety, efficacy,
or superiority over standard dual-needle cannulation.
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End—stage renal disease remains a global health challenge
requiring long-term renal replacement therapy. While
in-center hemodialysis is prevalent, home hemodialysis is
increasingly considered to improve patient autonomy and
selected outcomes [1, 2]. Reliable vascular access is essential.
The autogenous arteriovenous fistula (AVF) is preferred in
appropriate patients because of its patency and infection
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profile compared with grafts or central venous catheters [3—
6]. A standard thrice-weekly schedule requires 156 treat-
ment sessions and, with two needle entries per session, ap-
proximately 312 routine needle entries per year. Repeated
cannulation can contribute to local complications, but this
arithmetic puncture count does not establish that a single
larger access device causes less net tissue trauma.
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Mechanical puncture trauma contributes to local ac-
cess complications, whereas AVF stenosis and failure are
multifactorial processes in which neointimal hyperplasia
and abnormal hemodynamic forces play central roles [7—
9]. Limited or difficult cannulation anatomy may require
secondary procedures such as basilic vein superficializa-
tion or transposition [10—12]. Earlier single-needle tech-
niques reported recirculation and clearance limitations
(13, 14], but contemporary systems, including the sin-
gle-needle single-pump system evaluated by Bieser et al.
[15], have demonstrated improved dialysis performance.
Thus, modern single-needle therapy should not be char-
acterized solely by the limitations of historical systems.

Advanced catheter geometries may provide simultane-
ous dual-lumen flow through one access site. Prior com-
putational fluid dynamics (CFD) studies have shown the
value of evaluating catheter geometry, flow separation,
velocity, and recirculation before physical testing [16—
18]. The present study was designed as a computational
proof-of-concept to develop a single-puncture coaxial
geometry and evaluate its predicted hemodynamic per-
formance at one prespecified AVF flow rate (1000 mL/
min) and one dialysis pump flow rate (300 mL/min).

MATERIALS AND METHODS

Ethical Considerations

This study did not require approval from an institutional
ethics committee (Institutional Review Board). It is a
purely computational (in silico) engineering analysis; the
modeled “arteriovenous fistula” and “vessel” are idealized
computational—domain geometries, not tissue from an ac-
tual patient. The study did not enroll human participants,
use identifiable patient data, involve animal subjects, or
include any physical prototype, clinical procedure, or in-
tervention. This study was conducted in accordance with
the principles of the Declaration of Helsinki.

Geometric Design

The novel dual-lumen coaxial catheter was modeled in
a 3D CAD environment (Shapr3D, Shapr3D Inc., Bu-
dapest, Hungary). The inner lumen carries venous return,
and the annular outer lumen provides arterial aspiration
through side fenestrations (Fig. 1). The modeled intra-
venous segment is 10.5 cm long with a 7Fr outer profile.
Arterial aspiration openings are distributed from 2.1 to
4.5 cm, leaving a 6 cm separation between the most dis-
tal aspiration region and the venous return tip. These di-

Highlight key points

e A novel single-puncture, dual-lumen coaxial catheter was
designed to enable simultaneous arteriovenous fistula aspi-
ration and return through one access site.

e High-resolution CFD simulation predicted a theoretical recircula-
tion rate of only 0.007% under the modeled steady-state condi-
tions (AVF flow 1000 mL/min; dialysis pump flow 300 mL/min).

e Flow trajectories showed spatial separation of the venous
return jet from the arterial aspiration zone, supporting the
structural flow-separation hypothesis of the coaxial design.

e Alocalized peak shear stress of 2,602.45 Pa was calculated,
but hemolysis safety and clinical blood compatibility were
not established by this computational model alone.

e These proof-of-concept findings support further geometric
optimization and physical flow-loop, hemolysis, and pre-clin-
ical testing before any claim of clinical benefit over standard
dual-needle cannulation.

mensions were selected through CAD-based geometric
iteration to preserve two flow paths and spatially separate
aspiration from return; alternative lengths, diameters,
and fenestration areas were not evaluated in the present
study. In a proposed clinical workflow, not tested here, an
access needle would enter the AVFE, a guidewire would
be advanced through the needle, the needle would be
withdrawn, and the catheter would be advanced over the
guidewire after appropriate tract preparation (Seldinger
technique). This proposed workflow may assist tracking
through gently curved anatomy, but it does not eliminate
the requirement for a sufficiently long and safely travers-
able venous segment. No physical prototype, insertion
test, or clinical usability study was performed.

CFD Simulation
Hemodynamic performance was evaluated using
SolidWorks Flow Simulation (Dassault Systémes

SolidWorks Corp., Waltham, MA, USA). The host envi-
ronment was modeled as a mature AVF vein. Blood was
represented as a Newtonian fluid (density 1050 kg/m?, dy-
namic viscosity 0.0035 Pa.s) at 37°C, consistent with sim-
plifications commonly used in catheter CFD studies [18].

Boundary Conditions and Protocol
+ AVF flow: Set at 1000 mL/min to replicate a high-

flow fistula environment

+ Dialysis flow: Constant 300 mL/min for both aspira-
tion and return

+ Recirculation quantification: Conducted using a ther-
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FIGURE 1. CAD design drawing. The modeled catheter has a coaxial structure with arterial and venous machine connection ports
at the proximal hub. The inner lumen carries venous return to the distal tip, while arterial aspiration side holes are positioned
between 2.1 and 4.5 cm. A 6 cm separation is maintained between the aspiration region and return tip. The intravenous seg-
ment is 10.5 cm long with a 7Fr outer profile. These dimensions represent the computational prototype and were not validated

in an insertion study.

mal fluid approach known as the thermodilution tech-
nique (35°C venous return vs. 37°C systemic blood)

+ Numerical convergence: A high-resolution mesh of
1,030,641 cells (615,959 fluid cells) was utilized.
Numerical convergence was achieved at 681 itera-
tions, ensuring stable mass flow and pressure results.

Statistical Analysis

This study reports a single deterministic CFD simulation
performed under one prespecified set of boundary condi-
tions, without experimental replicates, comparison groups,

or randomization. Accordingly, inferential statistical analysis
and hypothesis testing were not applicable; all reported val-
ues (flow velocity, shear stress, pressure, and thermodilution-
based recirculation rate) are descriptive outputs extracted
directly from the CFD solver at numerical convergence.

RESULTS

Numerical Convergence
Convergence was confirmed at 681 iterations. Mass bal-

ance was perfectly maintained, with inlet and outlet flow
rates remaining constant at 300 mL/min (Fig. 2).
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FIGURE 2. Convergence history of maximum flow velocity. The graph demonstrates the iteration history for the maximum velocity
during the simulation. Following an initial steep increase, the maximum velocity oscillates within a stable, narrow band starting
from approximately the 50th iteration. This stabilization confirms that numerical convergence was successfully achieved over

the total 681 iterations.

Hemodynamic Performance

Maximum flow velocity was 12.69 m/s within the catheter
lumens (Fig. 3). Flow trajectories showed a linear jet at
the venous outlet directed away from the arterial aspira-
tion zone (Fig. 4). The peak calculated shear stress was
2,602.45 Pa at the narrowest lumen section. The model
did not calculate a validated exposure-time-based hemol-
ysis index, and no blood damage testing was performed.
Accordingly, the biological significance and safety of this
localized peak cannot be established from the present
simulation and require bench and in vivo validation.

Flow trajectories around and within the coaxial
catheter were evaluated at a constant AVF flow of 1000
mL/min and a dialysis pump flow of 300 mL/min. The
simulation showed spatial separation of the venous re-
turn jet from the arterial intake region under this single
idealized condition. The model does not represent lower-
flow AVFs, physiological vessel compliance, pulsatility,
or patient-specific anatomy.

Pressure and Recirculation

A stable pressure difference of approximately 60
mmHg was observed between the modeled vessel and
arterial inlet. The reported absolute pressures were
879.14 mmHg for the vessel and 819.59 mmHg for
the arterial inlet; after subtracting standard atmo-
spheric pressure (approximately 760 mmHg), the cor-
responding gauge pressures were approximately 119
mmHg and 60 mmHg. Thermal tracking produced a
temperature difference of 0.00014°C at the arterial in-
take and a theoretical recirculation rate of 0.007% (Fig.
5). These values describe only the specified computa-
tional boundary conditions and should not be inter-
preted as clinical validation.

DISCUSSION

Under the specified computational conditions, the
coaxial geometry produced a theoretical recirculation



464

NoRTH CLIn ISTANB

FIGURE 3. Internal flow velocity distribution according to pressure change within the catheter lumens. Computational fluid dy-
namics visualization of the internal hemodynamic profile. The color gradient indicates variations in flow velocity, with a recorded
maximum of 12.69 m/s localized at the narrowest cross-sections of the catheter. These high-velocity regions correspond to
transient peaks in shear stress (maximum 2,602.45 Pa), characterized by extremely brief erythrocyte transit times.
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FIGURE 4. Flow trajectory and streamline visualization at the venous outlet. Computational fluid dynamics visualization of the
modeled return-flow dynamics. Streamlines form a jet directed away from the arterial aspiration region. The full-catheter view
represents the closed computational domain and is not a clinical implantation schematic.

rate of 0.007% and spatial separation of the return and
aspiration streams. Earlier single-needle studies re-
ported recirculation and clearance limitations [13, 14],
whereas Bieser et al. [15] demonstrated that a contem-
porary single-needle system can achieve improved dial-
ysis performance. The present design should therefore
be viewed as an alternative engineering approach to flow
separation, not as evidence that modern single-needle
modalities are generally inadequate.

Prior experimental and computational work on dial-
ysis catheters shows that outlet geometry and lumen
configuration can materially affect recirculation and
local flow fields [16—20]. Our simulation supports the
structural flow-separation hypothesis for this geome-
try, but it did not measure urea clearance, platelet ac-
tivation, hemolysis, thrombosis, access patency, pain,
or clinical outcomes. Direct comparison with standard
dual-needle dialysis or contemporary single-needle sys-
tems was not performed.

For a thrice-weekly schedule, two needle entries per
treatment correspond to approximately 312 routine en-
tries per year, whereas one entry per treatment would
correspond to approximately 156. This is a 50% reduc-
tion in the number of entry events, not evidence of a 50%
reduction in pain or vascular trauma. The proposed 7Fr
profile is larger than standard hemodialysis needles and
may increase tract size, bleeding, hematoma, wall injury,
hemostasis time, and pseudoaneurysm risk. Whether
fewer but larger punctures provide a net clinical benefit
must be determined experimentally. Patients with lim-
ited cannulation anatomy may be a future target popu-
lation, but the 10.5 cm intravascular length may itself
restrict eligibility [5, 10-12].

Medical-grade polyurethane was selected as a pro-
posed flexible catheter material, but material compliance,
trackability, kink resistance, thrombogenicity, and en-
dothelial interaction were not modeled or tested. Surface
and material properties can influence device performance
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FIGURE 5. Thermal analysis and recirculation evaluation of the coaxial catheter design. Computational fluid dynamics visualization
of temperature and pressure in the modeled vessel. Thermal tracking produced a 0.00014°C difference at the arterial intake and
a theoretical recirculation rate of 0.007% under the specified boundary conditions. The full-catheter view represents the closed
computational domain and is not a clinical implantation schematic.

[21], yet no claim of reduced neointimal hyperplasia or
stenosis can be made from the current CFD results. The
7Fr access defect also requires dedicated hemostasis eval-
uation. Miniaturization, larger aspiration fenestrations,
shorter intravascular lengths, and operation at lower
pump flow (for example, 200 mL/min) are priorities for
future parametric optimization rather than validated fea-
tures of the present design.

A hemostatic compression device or topical hemo-
static material could be evaluated as an adjunct because
hemostatic patches and gauze have shown benefit in
other procedural settings (22, 23]. However, neither
a wristband nor a hemostatic patch was tested in this
study, and these adjuncts should not be presented as
mitigation of the 7Fr risk without dedicated evidence.
Home hemodialysis remains an important care model [1,
2], but frequent self-cannulation with a 7Fr device may
create substantial safety and usability concerns. Procedu-
ral simplicity does not by itself establish improved access

longevity or suitability for home use; such use would re-
quire insertion testing, human-factors evaluation, train-
ing protocols, and prospective clinical safety data.

Opverall, the computational results justify continued
engineering evaluation of the coaxial concept. They do
not establish clinical efficiency, vessel preservation, re-
duced pain, reduced intervention rates, or improved
quality of life. The next development steps should in-
clude parametric CED, physical flow-loop and hemoly-
sis testing, prototype insertion and trackability studies,
pre-clinical evaluation, and only then carefully designed
clinical studies.

Clinical Implications

The coaxial concept is a computationally supported en-
gineering hypothesis for separating aspiration and return
flow through one access site. AVF failure remains mul-
tifactorial; abnormal hemodynamics and neointimal hy-
perplasia are central mechanisms, while repeated punc-
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ture contributes to local access injury [7—9]. The present
results do not show that reducing entry count will reduce
stenosis, access failure, or endovascular intervention.

Patients with limited usable fistula segments or diffi-
cult access anatomy may motivate development of single-
site devices [5, 10—12]. However, the proposed device it-
self requires a 10.5 cm trackable intravascular segment,
and no patient-selection criteria have been established.
Its feasibility after revision surgery or in patients with
obesity must be tested rather than assumed.

Polyurethane may offer flexibility for a catheter plat-
form, and surface characteristics are relevant to device
performance [21]. Nevertheless, the present simulation
treated the catheter and vessel as fixed geometries and
did not test trackability, kinking, endothelial contact,
thrombogenicity, or durability. Material-related clinical
advantages therefore remain unproven.

Home hemodialysis programs aim to expand patient-
centered treatment options [1, 2]. A single access event
could simplify one aspect of cannulation, but frequent
self-cannulation with a 7Fr device could also increase
bleeding, hematoma, and access-loss risk. The current
design should not be recommended for home use until
size reduction, insertion mechanics, hemostasis, human
factors, and repeated-use safety have been evaluated.

No economic analysis was performed. Manufacturing
cost, disposables, training, hemostasis resources, compli-
cations, and comparative treatment costs must be evalu-
ated before any claim of cost-effectiveness or health-sys-
tem benefit can be made.

Study Limitations

Despite the high-resolution data provided by the com-
putational models, several critical limitations must be
acknowledged to contextualize the findings.

First, this study is a purely computational engineering
analysis. The theoretical recirculation rate, velocity field,
pressure field, and shear-stress distribution have not
been validated in a physical flow loop, by particle image
velocimetry, in a hemolysis assay, or in an animal model.
No physical prototype or insertion procedure was tested.
Clinical implications, including access preservation, pain,
bleeding, and patency, must therefore be interpreted as
hypotheses rather than demonstrated outcomes.

Second, the boundary conditions were idealized. The
simulation assumed steady-state flow and a fully devel-
oped velocity profile, without physiological entrance ef-

fects or cardiac-cycle pulsatility. Blood was modeled as a
Newtonian fluid with constant viscosity, thereby exclud-
ing hematocrit-dependent and shear-thinning behavior.

Third, the treatment of transitional and turbulent
flow was not compared across alternative turbulence
models. Local eddies near the fenestrations may be sen-
sitive to model selection and mesh refinement. Future
studies should report Reynolds-number regimes explic-
itly and perform model-sensitivity and mesh-indepen-
dence analyses.

Fourth, the host vessel was represented as a rigid
cylindrical domain. The model did not include fluid-
structure interaction, patient—speciﬁc curvature, steno-
sis, aneurysm, branches, or dynamic wall collapse dur-
ing aspiration.

Fifth, the 10.5 cm intravascular segment and 6 cm
tip-to-fenestration separation require a sufficiently long,
safely traversable venous segment. Seldinger insertion
may facilitate tracking but does not remove this anatom-
ical requirement. Tortuosity, depth, previous revision
surgery, obesity, and limited cannulation zones may im-
pair placement. The full-catheter views in Figure 4 and
5 depict the closed computational domain and are not
clinical implantation schematics.

Sixth, only one AVF flow rate (1000 mL/min) and
one dialysis pump flow rate (300 mL/min) were tested.
Safety and recirculation cannot be extrapolated to lower-
flow AVFs. Future work should include parametric CFD
and physical testing at clinically relevant AVF flows (for
example, 300, 600, and 1000 mL/min), lower pump flow
such as 200 mL/min, and alternative catheter diameters,
lengths, and fenestration areas.

Finally, the study focused on acute modeled hemody-
namics. Peak shear stress was reported without a vali-
dated exposure-time-based blood-damage calculation.
The model cannot predict hemolysis, platelet activation,
thrombosis, infection, biofilm formation, endothelial in-
jury, neointimal hyperplasia, pain, hemostasis, pseudoa-
neurysm formation, or long-term access patency.

Conclusion

This study developed a novel dual-lumen coaxial catheter
geometry and evaluated it in a high-resolution CFD
proof-of-concept model. At an AVF flow of 1000 mL/
min and a dialysis pump flow of 300 mL/min, the model
predicted spatial separation of return and aspiration flow
and a theoretical recirculation rate of 0.007%.
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The model also calculated a localized peak shear
stress of 2,602.45 Pa, but it did not establish hemolysis
safety or clinical blood compatibility. A one-entry strat-
egy would reduce the number of routine entry events,
but the 7Fr diameter and 10.5 cm intravascular length
introduce important bleeding, vessel-injury, trackability,
and anatomical feasibility concerns. No conclusion re-
garding reduced pain, access preservation, suitability for
home hemodialysis, or superiority to standard cannula-
tion can be drawn.

Further development should proceed through para-
metric CFD across clinically relevant AVF and pump
flows, geometric miniaturization, physical flow-loop and
blood-damage testing, prototype insertion studies, and
pre-clinical evaluation. Clinical trials would be required
to determine safety, dialysis adequacy, usability, hemosta-
sis, and long-term access outcomes.
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