
Citation: Canaud, B.; Leray-Moragues,

H.; Chenine, L.; Morena, M.; Miller, G.;

Canaud, L.; Cristol, J.P. Comparative

Clinical Performances of Tunneled

Central Venous Catheters versus

Arterio-Venous Accesses in Patients

Receiving High-Volume

Hemodiafiltration: The Case for

High-Flow DualCath, a Tunneled

Two-Single-Lumen Silicone Catheter.

J. Clin. Med. 2023, 12, 4732. https://

doi.org/10.3390/jcm12144732

Academic Editor: Stavros

Spiliopoulos

Received: 8 June 2023

Revised: 8 July 2023

Accepted: 10 July 2023

Published: 17 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Comparative Clinical Performances of Tunneled Central Venous
Catheters versus Arterio-Venous Accesses in Patients Receiving
High-Volume Hemodiafiltration: The Case for High-Flow
DualCath, a Tunneled Two-Single-Lumen Silicone Catheter
Bernard Canaud 1,2,* , H. Leray-Moragues 3, Leila Chenine 4, Marion Morena 5 , George Miller 6 ,
Ludovic Canaud 7 and Jean Paul Cristol 3,5

1 School of Medicine, Montpellier University, 34090 Montpellier, France
2 MTX Consulting International, Rue des Carmelites, 34090 Montpellier, France
3 AIDER-Santé, CHARLES, Mion Foundation, 34000 Montpellier, France;

helene.moragues@gmail.com (H.L.-M.); jp-cristol@chu-montpellier.fr (J.P.C.)
4 Nephrology, Intensive Care, Dialysis & Transplantation, Lapeyronie University Hospital,

34090 Montpellier, France
5 PhyMedExp, Department of Biochemistry and Hormonology, INSERM, CNRS, University Hospital Center

of Montpellier, University of Montpellier, 34000 Montpellier, France; m-morenacarrere@chu-montpellier.fr
6 Medical Components, Inc., Clinical Affairs, Harleysville, PA 19438, USA
7 Chest and Vascular Surgery Department, CHU Montpellier, 34000 Montpellier, France
* Correspondence: canaudbernard@gmail.com; Tel.: +33-(6)-7773-5568

Abstract: Tunneled central venous catheters (CVC) are mainly considered as a rescue vascular access
option in dialysis but are still used on approximately one quarter of prevalent patients worldwide
even though they are associated with poor performances and higher risks. Study design: in this
retrospective single-center study, we aimed to report on the clinical performances achieved with
high-flow tunneled CVCs (DualCath or DCath) and compared them with arteriovenous accesses
(AVAs, e.g., AV fistula, AV graft, and Thomas Shunt) in a hospital-based dialysis unit. Methods:
Sixty-eight stage 5 chronic kidney disease dialysis-dependent patients (CKD5D) receiving high vol-
ume hemodiafiltration were followed-up with for 30 months. The study consisted of two phases:
baseline cross-sectional and longitudinal follow-ups of key performance indicators. Clinical per-
formances consisting of effective blood flow and blood volume, recirculation, urea and ionic Kt/V,
total Kt, ultrafiltration volume, and percent reduction in β2-M were measured monthly as part of
quality control in our unit. Results: At baseline, the effective blood flow using a DCath was close to
400 mL/min, similar to an AVA. Recirculation with a DCath (7%, 6–13%) was higher than with an
AVA. The diffusive dialysis dose delivered with a DCath (spKt and eKt/V) and convective dialysis
dose achieved with a DCath were slightly lower than those achieved with AVAs, but they were still
much higher than is recommended by guidelines. The percent reduction in β2-M achieved with
a DCath was also 4 to 10% lower than that achieved with an AVA. On longitudinal follow-up, the
main clinical performance indicators of DCaths (total Kt and total ultrafiltration volume, L/session)
were maintained as very stable over time and close to those achieved with AVAs. Conclusions: As
shown in this study, high-flow DualCath tunneled two-single-lumen silicone catheters may be used
to deliver high volume hemodiafiltration in a reliable and consistent manner without compromising
clinical performance. These results relied on the specific design of the two silicone cannulas and the
strict adherence to best catheter practices.

Keywords: vascular access; tunneled central venous catheter; dialysis clinical performances; diffusive
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1. Introduction

Tunneled central venous catheters (CVC) are considered as a rescue vascular access
option in dialysis patients by almost all clinical practice guidelines, and they are associated
with higher morbidity, lower performances, and greater cost [1–4]. However, the prevalent
use of CVCs in dialysis remains high, ranging almost from zero up to 50%, with a median
value of 25% of dialysis patients using these catheters worldwide [5–8]. These facts tend to
support the notion that CVCs are still needed in the vascular access care offerings [9–11]
for kidney disease management since they provide an interesting option to ensure care
continuity in CKD patients facing recurring vascular access problems that were well
recognized in their last KDOQI issue [2].

The intrinsic limitations of CVCs are acknowledged and analyzed in various re-
ports [12,13]. These limitations relate to the geometry of the cannulas (internal lumen
diameter, length, and polymer characteristics), the catheter design (single- or dual-lumen
design and central and side holes), or the catheter tip’s location within the venous central
system (superior vena cava or right atrium) [14,15]. In addition, tunneled CVCs bear higher
risks (dysfunction, infection, and thrombosis) that can be mitigated by better handling
and locking solutions [16–19]. These facts have raised several controversies in the scien-
tific literature, with reported pros and cons [11,20–22]. It was not our intent to enter this
polemic; rather, we intended to assess the clinical performances delivered by means of tun-
neled CVCs compared to arterio-venous accesses (AVA) in stage 5 chronic kidney disease
(CKD5D) patients receiving high-volume hemodiafiltration as a mainstream treatment.

In this study, we aimed to report on the clinical performances achieved with high-flow
tunneled CVCs (DualCath or DCath) and compared them with the various AVAs used at
the same time in our hospital-based dialysis unit.

2. Material and Methods
2.1. Study Design

This was a retrospective single-center study conducted at Lapeyronie Hospital in
Montpellier, France. The study utilized data extracted from electronic dialysis medical
records of patients in the teaching hospital-based dialysis unit. The data collection period
spanned from 1 October 2009 to 31 May 2012, with a follow-up period of 30 months.

The study consisted of two parts: a baseline assessment of clinical performances using
data from three consecutive months, categorizing patients based by vascular access type
(tunneled CVCs and AVAs), and a longitudinal follow-up of clinical performances up to
30 months, also considering vascular access type.

The clinical dialysis performance indicators included effective blood flow, access re-
circulation, urea spKt/V and dpKt/V (Daugirdas), ionic dialysance measurement (online
clearance measurement (OCM)), total clearance delivered per session (Kt), total ultrafiltra-
tion volume (VUF), substitution volume (VSUB) per session, albumin, and hemoglobin.

2.2. Patients

This study enrolled 68 stage 5 chronic kidney disease dialysis-dependent patients
(CKD5D) receiving high-volume hemodiafiltration. Ten were incident patients (<3 months
of treatment) and 58 were prevalent patients (≥3 of months treatment). Some incident
patients were converted during the study to arteriovenous fistulas or graft accesses.

2.3. Ethics Statement

The study was conducted according to the principles of the Declaration of Helsinki
and in compliance with the International Conference on Harmonization/Good Clinical
Practice regulations. In accordance with French Law, the study was registered at “Ministère
de la Santé et des Solidarités” after approval by the Montpellier University Hospital’s ethics
committee (Comité de Protection des Personnes Sud Méditerranée IV) with the following
number: DC-2008-417. All patients provided their written informed consent.
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2.4. Vascular Accesses

The DualCaths (DCaths) were manufactured by MedComp in the United States of
America and distributed in Europe [23–26]. A DCath is a medical device composed of
two separate single-lumen silicon catheters and their respective tubing extension adaptors.
The intravascular cannula is made of radiopaque silicone polymer tubing, measuring
40 cm in length, with inner and outer diameters of 2.0 mm and 3.2 mm, respectively. The
lengths of the cannulas are adjusted during insertion to accommodate a patient’s body size.
Consequently, DCaths may vary in length depending on a patient’s height and the side of
insertion (25–27 cm for the right side and 30–32 cm for the left side). At the distal tips of the
catheters, there are six spiral holes. The tubing extension adaptors are made of a silicone
polymer that measures 6–7 cm in length and terminates in a nylon Luer lock connection
device. The connection device is color-coded, with blue indicating venous use and red
indicating arterial use. Venous fistulas (VFs) are primarily native fistulas located in the
forearm while arteriovenous grafts (AVGs) are constructed using polytetrafluoroethylene
(PTFE) and placed as a loop on the arm. Thomas shunts, on the other hand, are inserted
into the iliac and femoral vasculature.

2.4.1. DualCath Looking and Imaging (Figure 1)

DCath insertion is a procedure performed by a nephrologist under local anesthesia.
It involves inserting two silastic cannulas into a patient’s chosen central vein, primarily
the right internal jugular vein [27]. The cannulas are tunneled under the skin, shortened,
and secured with sutures and a silicone rubber collar, as shown in Figure 1A,B. After
rinsing and clamping, the cannulas are anchored together with sutures. The skin incision
is closed and the cannulas are rinsed, locked, and capped. The procedure requires strict
aseptic conditions, and it may sometimes require general anesthesia for complex cases or
anxious patients.
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Figure 1. (A) A stylized cartoon representation of a DCath inserted into the right internal jugular vein.
(B) A DCath’s skin exit site. (C) A chest X-ray conducted before catheter use, serving the purpose of
confirming the catheter’s position and identifying any abnormalities or complications. In this X-ray,
the positions of the catheter tips are highlighted with a yellow circle, indicating that they are located
at the junction of the superior vena cava and the right atrium. Additionally, an arrow illustrates the
arterial and venous tips of the catheter. According to the annotation, the two tips are approximately
2 cm apart from each other.
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2.4.2. DualCath and Vascular Access Management and Handling

DCaths are solely used for hemodialysis and strictly prohibited for other purposes.
Trained nurses handle DCaths with sterile precautions, wearing gowns, masks, hats, and
gloves. During connection, the remaining blood material is removed and flushed with
saline. The extracorporeal blood circuit is initiated, and during disconnection, blood is
flushed back to the patient. Each DCath line is filled with a mixture of saline and citric acid
solution, capped with a Luer lock cap. The DCath is then wrapped in sterile gauze and
covered with a waterproof dressing until the next dialysis session.

2.4.3. Arteriovenous Access Management

Arteriovenous fistulas (AVFs) or grafts (AVGs) and Thomas shunts are handled with
particular care and strictly hygienic conditions that rely on betadine as a skin disinfectant
and use sterile materials, drapes, and gloves, as well as masks, gowns, and caps, for the
operators at the time of access handling. The needling is performed by trained nurses using
the laden rope method with fistula needles of 15 gauges in a majority of patients.

2.5. Clinical Performances Assessed

The baseline clinical performances consisted of six key performance indicators that
included the effective blood flow (mL/min), venous pressure (mmHg), vascular access
recirculation (VA.REC) (%), single pool Kt/V, double pool Kt/V, and convection volume
(L/session).

These indicators were measured in the six following vascular accesses: native arte-
riovenous fistula (AVF), arteriovenous graft (PTFE) (AVG), right femoral DCath (RFDC),
right internal jugular Dcath (RIJDC), left internal jugular Dcath (LIJDC), and Thomas shunt.

In addition, cumulative clinical performances comparing DCaths and grouped AVAs
over a 30-month follow-up period were performed.

2.5.1. Blood Flow (QB, mL/min)

Blood flow measurements were performed by means of bubble transit time on 1 m of a
calibrated segment of the arterial line [28]. This method is currently used in the study unit
and fits perfectly with the use of Transonic data. The calculation of total effective blood
flow relied on following set out in 2.5.2.

2.5.2. Total Blood Volume Processed (TBVP, L/Session)

The total blood volume processed was calculated from the dialysis machines as
the product of the effective blood flow (QB) times the treatment time (tHD), as follows:
TBVP = QB × tHD.

2.5.3. Vascular Access Recirculation (VA.REC, %)

The total recirculation (T.REC) was calculated by using the urea dosing issued from
three blood samplings (artery (ART) and venous (VEN) sampling, followed by a sec-
ond artery sampling 2 min after the blood had stopped being pumped (ART+2)), as
follows [28,29]:

T. REC = (ART+2 − ART)/(ART+2 − VEN) × 100.

This method was validated in the study unit and has been used as standard of care
for years. The results fit perfectly with the recirculation obtained using the blood ther-
mal monitoring device, which also assessed total recirculation. When compared to the
Transonic data, it was shown that 10% came from the cardiopulmonary bypass created
by the arteriovenous bypass [16,30]. A 10% value of cardiopulmonary bypass was then
subtracted from arteriovenous access measurements—but not from the tunneled central
venous accesses—as follows:

VA. REC = T.REC − 10 (for arteriovenous accesses only).
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2.5.4. Dialysis Dose Delivery

The dialysis dose delivery was assessed with three key indicators: firstly, the urea
clearance expressed as fractional urea clearance (i.e., ureaKt/V) or its surrogate using
ionic clearance (online clearance measurement, OCMKt/V) [31,32] and as total urea clear-
ance (Kt) delivered per session (i.e., liters per session) to quantify the small molecule
clearances [31,33,34]; secondly, the total ultrafiltration volume (liter per session) or convec-
tive dialytic dose used as surrogate marker of middle and large molecule clearances [35];
and thirdly, the percent reduction in β2M (%) per session.

Urea Kt/V

The urea Kt/V was calculated from the pre- and post-dialysis blood sampling using the
single-pool [36] (sp) and equilibrated (e) double-pool Kt/V formula from Daugirdas [37] as
set out below. We note that the post-dialysis blood sampling was performed after reducing
the blood pump down to 50 mL/min for two minutes.

spKt/V = −Ln (Ureapost/Ureapre − 0.008 × tHD) + (4 − 3.5 × Ureapost/Ureapre) × WL/BWpost

eKt/V = spKt/V − (0.6 × spKt/V/tHD) + 0.03,

where WL is the weight loss during the session, BW the body weight, and tHD is the
effective treatment time.

Ionic Dialysance and ocm Kt/V

The ionic dialysance Kt/V and ocmKt/V were measured and calculated from the
dialysis monitor using integrated ionic dialysance (Kocm) performed across dialysis sessions,
effective HD machine treatment times (tHD) and total body water (V) derived using the
Watson formula by default.

Total Kt (TKt, L/Session)

The total Kt was calculated as the product of ionic clearance (Kocm) and effective
treatment time (tHD) of the dialysis sessions as TKt = Kocm × tHD.

Total Ultrafiltration Volume (VUF, L/Session)

The total ultrafiltration volume (VUF) is the sum of the online substitution volume
infused during an HDF session (VSUB) and the intradialytic weight loss (WL) to correct
fluid overload. This indicator is used as a surrogate for the convective dialytic dose
delivered per session [35].

Percent Reduction in β2-Microglobulin (PRβ2M)

The percent reduction in β2M was used as a marker of HDF efficiency as the patients
were receiving HDF treatments [35]. The post-dialysis β2M was corrected for hemoconcen-
tration using the Bergstrom formula [38], as follows:

cor β2M = post β2M (1 + ∆BW/0.2BWpost),

where ∆BW is the difference between the pre- and post-treatment BW measurements.
The PRβ2M was calculated as follows:

PRβ2M = 1 − (corβ2Mpost/β2Mpre) × 100.

Normalized Protein Catabolic Rate (nPCR)

The nPCR (g/kg/24 h) was calculated from the urea kinetic modeling using the three
points method [39] (pre/post and before the next dialysis session).

The blood samples were analyzed on the same day they were taken in the central
laboratory of the study hospital using validated autoanalyzer methods.
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2.6. Statistics

Statistical analyses were performed using JASP Software 0.17.1 (University of Ams-
terdam). Normality and variance equality tests were made for all data, and the statistical
significance level was set to p < 0.05 for all analyses. Continuous variables were reported
as means (SD) or as medians (25–75%) depending on whether the data were normally
distributed or not. Categorical variables were reported as percentages with numbers in
parentheses. Unpaired normally distributed continuous variables were tested for differ-
ences using unpaired t-tests. Unpaired non-normally distributed continuous data were
analyzed using Mann–Whitney tests. Pearson’s or Spearman’s tests were used for correla-
tion analyses depending on whether the data were normally distributed or not, respectively.

3. Results
3.1. Patient Characteristics

The cohort consisted of 27 females (average age of 72 years old (66.5–75.5)) and
41 males (average age of 68.5 years old (60.0–75.0)) with a dialysis vintage of 9 (2.5–30) months.
The primary kidney diseases present were as follows: hypertension and/or ischemic
nephropathy, 28 (41.2%); diabetic kidney disease, 11 (16.2%); chronic glomerulonephritis,
8 (11.8%); toxic kidney disease, 6 (8.8%); autosomic polycystic kidney disease, 4 (5.9%);
Alport syndrome, 1 (1.5%); interstitial chronic nephritis uropathy, 1 (1.5%); and unknown,
9 (13.2%). Six patients with toxic kidney disease had received an organ transplant (one
heart, two livers, and three kidneys).

3.2. Renal Replacement Treatment Schedule

All patients received online post-dilution hemodiafiltration. The treatment schedule
consisted of three sessions weekly, with treatment times of 4 h for 90% of the patients and
3 or 3.5 h for the remaining 10%. The single-use hemodiafilters were made of high-flux
polysulfone or polyethersulfone (FX1000, 34.4%; FX800, 59.4%; and Arylane H9, 2%). The
anticoagulation process consisted of a single bolus injection of Fraxiparin (Nadroparin
2000–6000 IU), a low molecular weight heparin, in the venous needle or within the catheter
line before initiating the extracorporeal circuit.

3.3. Baseline Clinical Performances (3 Months)

The baseline clinical performances are presented in Table 1. N stands for the number
of patients given (first row) and the number of measures given (second row). The median
and interquartile values are given for each key performance indicator for each access type.
As shown, the effective blood flow achieved was virtually similar (400 mL/min) in each
vascular access, including those using DCaths. Recirculation was significantly higher
with a DualCath (an average of 7% (6 to 13%)) but higher with an LIJDC. The dialysis
dose delivered (Kt/V) was virtually equivalent across all vascular accesses (if we account
for the differences in the patients’ body weight and total body water measurements). In
all cases, including those using DCaths, the median values of the Kt/V were superior
to 1.70 (spKt/V) or 1.5 (eKt/V). We note that we also explored the correlations between
the OCMKt/V and eKt/V values to confirm the validity of such routine parameters, as
observed in Figure 2. The convective volumes tended to be lower with DCaths compared
to the arteriovenous accesses (AVF, AVG, and TS), but they were still higher than 23 L
per session, as recommended. The percent reduction in β2M with the use of a DCath
was 4 to 10% lower than when using an AVF, an AVG, or a Thomas shunt, though it still
achieved 72.6 to 75.4 percent per session.
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Table 1. Clinical performance at baseline during the initial 3 months of treatment. The table presents
the baseline clinical performances attained during the first three months of treatment. All values are
expressed as medians with the corresponding 25th and 75th percentiles.

AVF AVG RFDC RIJDC LIJDC THOMAS S

N patients 36 3 1 25 1 2
n measures 99 4 3 57 3 6

QB (mL/min)
Median (25–75%) 399 (395–403) 400 (395–403) 400 (395–403) 396 (390–403) 395 (390–403) 400 (400–400)

Venous Presssure (mmHg)
Median (25–75%) 190 (175–215) 205 (194–218) 265 (244–282) 215 (200–230) 225 (200–230) 130 (120–135)

Recirc VA (%)
Median (25–75%) 2.64 (1.37–4.80] 2.87 (2.1–3.83) 6.42 (6.18–7.91) 7.01 (4.3–8.62) 13.53 (10.63–15.85) 2.78 (2–3.79)

spKt/V
Median (25–75%) 1.76 (1.54–1.98) 1.98 (1.94–2.55) 1.95 (1.89–2.00) 1.70 (1.64–1.90) 2.02 (1.98–2.04) 2.18 (2.11–2.24)

dpKt/V
Median (25–75%) 1.53 (1.31–1.69) 1.72 (1.68–2.14) 1.71 (1.65–1.72) 1.47 (1.30–1.59) 1.71 (1.67–1.74) 1.89 (1.84–1.94)

PR B2M (%)
Median (25–75%) 76.7 (73.2–79.9) 85.8 (83.5–88.1) 72.6 (70.5–76.5) NA 75.4 (75.4–75.4) 83.3 (82.8–83.8)

Vsub (L/ses)
Median (25–75%) 23.3 (20,8–23.3) 24.0 (22.5–24.0) 33.0 (28.7–33) 21.5 (18.0–21.5) 31.5 (25.7–31.5) 29.5 (25.2–29.5)

Vuf (L/ses)
Median (25–75%) 25.240 (22.0–25.2) 25.7 (24.1–25.7) 35.3 (21.3–35.3) 22.9 (20.5–22.9) 32.1 (29.2–32.1) 31.67 (26.6–31.7)

Abbreviations: AVF, native arteriovenous fistula; AVG, arteriovenous graft PTFE; RFDC, right femoral DualCath;
RIJDC, right internal jugular DualCath; LIJDC, left internal jugular DualCath; Qb, blood flow; REC.VA, vascular
access recirculation; PR, percent reduction; Vsub, substitution volume; Vuf, ultrafiltration volume; spKt/V, single
pool Kt/V; dpKt/V, double pool Kt/V.
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this indicator.
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3.4. Clinical Performances (Over a 30-Month Follow-Up Period)
3.4.1. Cumulative Clinical Performances Comparing DualCaths (DCaths) and Grouped
Arterio-Venous Accesses (AVAs)

The vascular accesses were grouped as AVAs and DCaths, and the median values of
the key performance indicators are presented in Table 2. As shown, the patients bearing
DCaths tended to have smaller body weights compared to the patients treated through
AVAs. They also tended to have slightly lower blood flows and higher recirculation, trans-
lating to a slightly and significantly lower dialysis dose delivered for the small molecules
(Kt/V and Kt) but not for the convection volume (22.5 vs. 25.4, NS) and percent reduction
in β2M per session (74 vs. 78%, NS). Indeed, the effective dialysis doses achieved with
DCaths were much higher than that recommended by best practice guidelines. This fact
was confirmed by the stability over time of the nutritional markers such as albumin, preal-
bumin (transthyretin), or normalized protein catabolic rate (nPCR). The CRP and fibrinogen
used as indicators of inflammation were similar in all vascular access groups. Additionally,
the key parameter indicators of dialysis adequacy (fluid volume status, blood pressure,
electrolytic control, bone mineral disorder, and anemia) were maintained at target levels
for both types of vascular access.

Table 2. Cumulative clinical performances comparing DualCaths (DCaths) and grouped arterio-
venous accesses (AVAs) (over a 30-month follow-up period). The median and IQR values are shown
for both groups of vascular access.

AVA DualCath p Value

N patients 41 27
n measures 741 207

BW (Kg)
median (IQR) 64.8 (20.7) 60.6 (23.4) 0.001

H (%)
median (IQR) 36.5 (4.5) 36.8 (5.5) 0.716
QB (mL/min)
median (IQR) 400.3 (15.5) 400.3 (18,4) 0.028

spKt/V
median (IQR) 1.90 (0.4) 1.80 (0.3) 0.001

eKt/V
median (IQR) 1.6 (0.32) 1.52 (0.27) <0.001
REC VA (%)

median (IQR) 2.8 (3.6) 7.2 (5.2) <0.001
Kt (L/ses)

median (IQR) 57 (16.1) 52.6 (16) 0.028
PR-β2M (%)

median (IQR) 78.0 (8.25) 74.0 (4.0) 0.327
VUF (L/ses,)
median (IQR) 25.4 (5.5) 22.5 (6.7) 0.098
S-ALB (g/L)

median (IQR) 35.8 (5.5) 35.6 (6.0) 0.05
PRE-ALB (mg/L)

median (IQR) 300 (120) 300 (150) 0.437
CRP (mg/L)

median (IQR) 6.4 (11.Ø) 4.2 (8.8) 0.378
Fib (g/L)

median (IQR) 4.3 (1.3) 4 (1.5) 0.065
nPCR (g/kg/24 h)

median (IQR) 0.9 (0.5) 1.0 (0.5) 0.173
Abbreviations: AVA, arteriovenous access; BW, body weight; Ht, hematocrit; Qb, blood flow; REC.VA, vascular ac-
cess recirculation; PR, percent reduction; Vuf, total ultrafiltration volume; pre-alb, pre-albumin; nPCR, normalized
protein catabolic rate.
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3.4.2. Longitudinal Follow-Up

Two main indicators of dialysis dose delivery including the effective urea clearance
throughout the complete session (Figure 3) and the middle and large molecule clearances
as reflected by the total ultrafiltration volume (VUF) (Figure 4) were monitored throughout
the 30 months of follow-up for the two types of vascular access (AVA, arterio-venous access
and DC, DCath). As shown for both cases, the dialysis dose delivered was maintained as
relatively stable over the total observational period. The small molecule clearances were
slightly higher with AVA than they were with DCath, while the total ultrafiltration volume
of AVA—used in this case as a surrogate for middle molecule clearance—was not different
from DCath.
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Figure 3. (A) The effective urea clearance (eKt) achieved in liters per session over the 30-month
follow-up period using DualCath (abbreviated as DCath). (B) The effective urea clearance (eKt)
achieved in liters per session over the same 30-month follow-up period using arteriovenous access
(abbreviated as AVA).
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Figure 4. (A) The convective volume (Vuf) achieved in liters per session over the 30-month follow-up
period using DualCath (abbreviated as DCath). (B) The convective volume (Vuf) achieved in liters per
session over the same 30-month follow-up period using arteriovenous access (abbreviated as AVA).

The serum albumin concentration—used as an integrated biomarker of dialysis ade-
quacy, safety of the method, and nutritional and inflammation status—was also monitored
over the 30 months and is reported in Figure 5.
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Figure 5. (A) The serum albumin (s.albumin) values in grams per liter (g/L) over the 30-month
follow-up period using DualCath (abbreviated as DCath). (B) The serum albumin (s.albumin)
values in grams per liter (g/L) over the same 30-month follow-up period using arteriovenous access
(abbreviated as AVA).

4. Discussion
4.1. Main Findings of Our Study

In this retrospective study consisting of 68 maintenance dialysis patients, we precisely
assessed the clinical performances delivered throughout tunneled central venous catheters
(DCaths) and compared them to the various arteriovenous accesses (AVAs) used routinely
in the studied dialysis facility. For this purpose, we used monthly quality control measures
with 30 months as the follow-up period. The most original findings of our study were that
the DCaths were shown to deliver high blood flow (400 mL/min) and achieve high volume
hemodiafiltration on a regular basis, with comparable results to AVAs. As a secondary
finding, the study highlighted the fact that the dialysis dose delivered, either for small-sized
molecules (total urea clearance) or middle-sized molecules (total ultrafiltration volume and
β2M reduction rate), which was almost similar for both DCaths and AVAs, was higher
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than the targets recommended by clinical best practice guidelines, and it remained stable
over time up to 30 months. The main difference was that recirculation with a DCath
was significantly higher (≈7%) than that with an AVA, resulting in a total urea clearance
when using a DCath that was slightly lower than when using an AVA. Interestingly, this
recirculation did not impact the total ultrafiltration volume, which remained similar for both
DCaths and AVAs. In all cases, the dialysis performances and key performance indicators
were not affected, and DCaths were used as the mainstream vascular access instrument.

4.2. Literature Comparison

Our findings contrasted with previous studies reporting that tunneled CVC tends to
be associated with a reduction in dialysis dose delivered due to the limited blood flow and
increase in vascular access recirculation, but this also precludes the use of high volume
hemodiafiltration [21,40,41]. In fact, the apparent superiority of a DCath compared to
the other tunneled central venous catheters relied on three main components: firstly, the
geometry and the design of the cannulas that were specifically engineered (two independent
cannulas, adjustable to patient anthropometry, with side holes at the tips) to provide high
blood flow with relatively low blood flow resistance; secondly, the careful way of inserting
and positioning the tips in the central venous system at time of implantation, mainly at the
junction of the superior vena cava and the right atrium for the internal jugular vein site,
and alternatively, in the inferior vena cava for the femoral site; and thirdly, the strict and
careful catheter handling protocol consisting of using locking solutions (antithrombotic
and fibrinolytic) to maintain or restore catheter flow permeability [2].

Each of these components has been clearly documented in the scientific literature [13].
Two single cannulas made of soft silastic with adequate inner lumens (≥2 mm) and distal
side holes tend to provide higher and more sustainable blood flow during a dialysis
session than double-lumen semi-rigid polyurethane conventional catheters [12,13,21,42].
The positioning of the tips at the junction of the superior vena cava and the right atrium
also tends to reduce risk of poor blood flow occurring during a dialysis session due to the
hypovolemia associated with the ultrafiltration [43]. In addition, side holes present at the
tips of the catheters keep the lines in the core flow of the vein and prevent sucking vein
walls. The higher flow achieved with the side hole catheters has been challenged in some
studies by thrombosis and infectious risk [14,15].

Silastic cannulas made of soft rubber tend to be the most hemocompatible material
for reducing platelet adhesion, catheter thrombosis risk, and bacterial adhesion [44]. This
mechanistic interpretation of the phenomenon has been illustrated in some catheter flow
modeling studies, from simulations in silico experiments [45]. Another important factor
relies on the strict implementation of best practice catheter-handling developed by nursing
teams [46]. Aside from the strict aseptic conditions applied to catheter handling, a new
science of catheter locking solutions has been developed, and it has been shown to be
very efficient in maintaining catheter lumen patency [46–50]. It is not our intent to review
catheter locking practices, but rather, we refer readers interested to recent comprehensive
reviews on this topic. In our unit, locking solutions have been always at the heart of
catheter care practices. We moved from a conventional heparin locking solution to more
personalized and adaptative locking solutions involving more citrate-based solutions
and/or fibrinolytic solutions guided by blood flow and/or pressure regime changes in
recent times.

4.3. Strength and Weakness of Our Study

The strength of our study relies on its precise quantification and comparison of dialysis
performances achieved with DCaths compared to the conventional arteriovenous accesses
(AVF and AVG) used to deliver high volume hemodiafiltration in a relatively large number
of dialysis patients followed up for 30 months. This is in clear contrast with a previous
large cohort study showing that high volume HDF (>21 l) was achieved in 33% of prevalent
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patients [51]. The safety and risk assessment associated with DCath use is currently being
assessed in another multicenter study.

Our study had weaknesses that we want to highlight. Firstly, this was a single-center
study performed by well-trained physicians and nursing teams dedicated to vascular
access management, and therefore, its transferability to larger centers may be questionable.
Secondly, the number of patients may appear limited, but this was due to the academic
hospital-based dialysis facility with its large turnover of patients. Thirdly, a comparative
economic evaluation between DCaths and AVAs was not performed in this study.

4.4. Implications for Clinical Practices

As our study indicated, the use of tunneled CVCs is not associated with worse vascular
access scenarios in dialysis patients. As such, by means of DCaths, we were able to perform
high-volume hemodiafiltration with high blood flows in all patients for sustained periods
of up to 30 months. This is a quite reassuring finding since it makes it possible to consider
treating fragile patients (i.e., elderly, diabetic, or cardiac patients) or patients without AVF
or AVG using the most efficient convective-based treatment modalities, which currently
involve high volume hemodiafiltration. In other words, a tunneled central venous catheter
should not be considered as a limiting factor in providing the most efficient treatment
modality, provided the correct tunneled CVC is used.

5. Conclusions

As shown in this study, a high-flow DCath—a tunneled two-single-lumen silicone
catheter—may be used in a dialysis-dependent chronic kidney disease patient to deliver
high-volume hemodiafiltration, similar to arteriovenous accesses. Although the results
obtained with DCaths tended to be slightly lower than those achieved with arteriovenous
accesses, they remained far above the best practice guidelines, indicating that the DCaths
were not compromising the optimal clinical performances. In addition, the clinical perfor-
mances of the DCaths remained stable and were achieved in a consistent manner over time.
These results support the notion that the design and geometry of the two silicone cannulas
were optimal and that the strict adherence to best catheter practices was the key to success
for the tunneled central venous catheter use.

Author Contributions: Conceptualization, B.C., H.L.-M., L.C. (Leila Chenine), M.M., G.M., J.P.C.
and L.C. (Ludovic Canaud); methodology, B.C., H.L.-M., M.M., J.P.C. and L.C. (Ludovic Canaud);
software, B.C. and M.M.; validation, B.C., H.L.-M., L.C. (Ludovic Canaud), M.M., G.M., J.P.C. and
L.C. (Leila Chenine); formal analysis, B.C. and M.M.; investigation, B.C., M.M. and J.P.C.; data
curation, B.C., M.M. and J.P.C.; writing—original draft preparation, B.C., H.L.-M., L.C. (Leila Chenine),
M.M., G.M., J.P.C. and L.C. (Ludovic Canaud); writing—review and editing, B.C., M.M. and G.M.;
visualization, B.C. and M.M.; supervision, B.C., M.M. and J.P.C.; project administration, B.C. and
M.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This retrospective study has been registered at "Ministère de
la Santé et des Solidarités” after approval by the Montpellier University Hospital’s ethics committee
(Comité de Protection des Personnes Sud Méditerranée IV) with the following number DC-2008-417.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available with restrictions to privacy and ethical constraints.

Conflicts of Interest: BC is the inventor of the DualCath and owner of MTX; GM is an employee
of MedComp.



J. Clin. Med. 2023, 12, 4732 14 of 16

References
1. Schmidli, J.; Widmer, M.K.; Basile, C.; de Donato, G.; Gallieni, M.; Gibbons, C.P.; Haage, P.; Hamilton, G.; Hedin, U.; Kamper, L.;

et al. Editor’s Choice—Vascular Access: 2018 Clinical Practice Guidelines of the European Society for Vascular Surgery (ESVS).
Eur. J. Vasc. Endovasc. Surg. 2018, 55, 757–818. [CrossRef] [PubMed]

2. Lok, C.E.; Huber, T.S.; Lee, T.; Shenoy, S.; Yevzlin, A.S.; Abreo, K.; Allon, M.; Asif, A.; Astor, B.C.; Glickman, M.H.; et al. KDOQI
Clinical Practice Guideline for Vascular Access: 2019 Update. Am. J. Kidney Dis. 2020, 75, S1–S164. [CrossRef] [PubMed]

3. Tordoir, J.; Canaud, B.; Haage, P.; Konner, K.; Basci, A.; Fouque, D.; Kooman, J.; Martin-Malo, A.; Pedrini, L.; Pizzarelli, F.; et al.
EBPG on Vascular Access. Nephrol. Dial. Transplant. 2007, 22 (Suppl. S2), ii88–ii117. [CrossRef]

4. Ravani, P.; Palmer, S.C.; Oliver, M.J.; Quinn, R.R.; MacRae, J.M.; Tai, D.J.; Pannu, N.I.; Thomas, C.; Hemmelgarn, B.R.; Craig, J.C.;
et al. Associations between hemodialysis access type and clinical outcomes: A systematic review. J. Am. Soc. Nephrol. 2013, 24,
465–473. [CrossRef]

5. Fissell, R.B.; Fuller, D.S.; Morgenstern, H.; Gillespie, B.W.; Mendelssohn, D.C.; Rayner, H.C.; Robinson, B.M.; Schatell, D.;
Kawanishi, H.; Pisoni, R.L. Hemodialysis patient preference for type of vascular access: Variation and predictors across countries
in the DOPPS. J. Vasc. Access 2013, 14, 264–272. [CrossRef]

6. Pisoni, R.L. Vascular access use and outcomes: Results from the DOPPS. Contrib. Nephrol. 2002, 137, 13–19. [CrossRef]
7. Pisoni, R.L.; Young, E.W.; Dykstra, D.M.; Greenwood, R.N.; Hecking, E.; Gillespie, B.; Wolfe, R.A.; Goodkin, D.A.; Held, P.J.

Vascular access use in Europe and the United States: Results from the DOPPS. Kidney Int. 2002, 61, 305–316. [CrossRef]
8. Rayner, H.C.; Besarab, A.; Brown, W.W.; Disney, A.; Saito, A.; Pisoni, R.L. Vascular access results from the Dialysis Outcomes and

Practice Patterns Study (DOPPS): Performance against Kidney Disease Outcomes Quality Initiative (K/DOQI) Clinical Practice
Guidelines. Am. J. Kidney Dis. 2004, 44, 22–26. [CrossRef] [PubMed]

9. Desmeules, S.; Canaud, B. Venous access for chronic hemodialysis: “Undesirable yet unavoidable”. Artif. Organs 2004, 28,
611–616. [CrossRef] [PubMed]

10. Di Iorio, B. Central Venous Catheters in hemodialysis: An actual conundrum without solutions. J. Vasc. Access 2002, 3, 174–176.
[CrossRef]

11. Sohail, M.A.; Vachharajani, T.J.; Anvari, E. Central Venous Catheters for Hemodialysis-the Myth and the Evidence. Kidney Int.
Rep. 2021, 6, 2958–2968. [CrossRef]

12. Ash, S.R. The evolution and function of central venous catheters for dialysis. Semin. Dial. 2001, 14, 416–424. [CrossRef] [PubMed]
13. Ash, S.R. Advances in tunneled central venous catheters for dialysis: Design and performance. Semin. Dial. 2008, 21, 504–515.

[CrossRef] [PubMed]
14. Silverstein, D.M.; Trerotola, S.O.; Clark, T.; James, G.; Ng, W.; Dwyer, A.; Florescu, M.C.; Shingarev, R.; Ash, S.R. Clinical and

Regulatory Considerations for Central Venous Catheters for Hemodialysis. Clin. J. Am. Soc. Nephrol. 2018, 13, 1924–1932.
[CrossRef] [PubMed]

15. Tal, M.G.; Peixoto, A.J.; Crowley, S.T.; Denbow, N.; Eliseo, D.; Pollak, J. Comparison of side hole versus non side hole high flow
hemodialysis catheters. Hemodial. Int. 2006, 10, 63–67. [CrossRef] [PubMed]

16. Leblanc, M.; Bosc, J.Y.; Paganini, E.P.; Canaud, B. Central venous dialysis catheter dysfunction. Adv. Ren. Replace. Ther. 1997, 4,
377–389. [CrossRef]

17. McIntyre, C.W.; Hulme, L.J.; Taal, M.; Fluck, R.J. Locking of tunneled hemodialysis catheters with gentamicin and heparin. Kidney
Int. 2004, 66, 801–805. [CrossRef]

18. Saxena, A.K.; Panhotra, B.R. Locking hemodialysis catheters with cefotaxime instead of gentamicin to avoid potential ototoxicity.
Kidney Int. 2005, 67, 2505–2506. [CrossRef]

19. Stas, K.J.; Vanwalleghem, J.; De Moor, B.; Keuleers, H. Trisodium citrate 30% vs. heparin 5% as catheter lock in the interdialytic
period in twin- or double-lumen dialysis catheters for intermittent haemodialysis. Nephrol. Dial. Transplant. 2001, 16, 1521–1522.
[CrossRef]

20. Polderman, K.H.; Girbes, A.J. Central venous catheter use. Part 1: Mechanical complications. Intensive Care Med. 2002, 28, 1–17.
[CrossRef]

21. Trerotola, S.O.; Shah, H.; Johnson, M.; Namyslowski, J.; Moresco, K.; Patel, N.; Kraus, M.; Gassensmith, C.; Ambrosius, W.T.
Randomized comparison of high-flow versus conventional hemodialysis catheters. J. Vasc. Interv. Radiol. 1999, 10, 1032–1038.
[CrossRef] [PubMed]

22. Van Der Meersch, H.; De Bacquer, D.; Vandecasteele, S.J.; Van den Bergh, B.; Vermeiren, P.; De Letter, J.; De Vriese, A.S.
Hemodialysis catheter design and catheter performance: A randomized controlled trial. Am. J. Kidney Dis. 2014, 64, 902–908.
[CrossRef] [PubMed]

23. Canaud, B.; Beraud, J.J.; Joyeux, H.; Mion, C. Internal jugular vein cannulation using 2 silastic catheters. A new, simple and safe
long-term vascular access for extracorporeal treatment. Nephron 1986, 43, 133–138. [CrossRef]

24. Canaud, B.; Leray-Moragues, H.; Garred, L.J.; Turc-Barron, C.; Mion, C. What is the Role of Permanent Central Vein Access in
Hemodialysis Patients. Semin. Dial. 1996, 9, 397–400.

https://doi.org/10.1016/j.ejvs.2018.02.001
https://www.ncbi.nlm.nih.gov/pubmed/29730128
https://doi.org/10.1053/j.ajkd.2019.12.001
https://www.ncbi.nlm.nih.gov/pubmed/32778223
https://doi.org/10.1093/ndt/gfm021
https://doi.org/10.1681/ASN.2012070643
https://doi.org/10.5301/jva.5000140
https://doi.org/10.1159/000060262
https://doi.org/10.1046/j.1523-1755.2002.00117.x
https://doi.org/10.1016/S0272-6386(04)01101-1
https://www.ncbi.nlm.nih.gov/pubmed/15486870
https://doi.org/10.1111/j.1525-1594.2004.07366.x
https://www.ncbi.nlm.nih.gov/pubmed/15209852
https://doi.org/10.1177/112972980200300407
https://doi.org/10.1016/j.ekir.2021.09.009
https://doi.org/10.1046/j.1525-139x.2001.00105.x
https://www.ncbi.nlm.nih.gov/pubmed/11851926
https://doi.org/10.1111/j.1525-139X.2008.00494.x
https://www.ncbi.nlm.nih.gov/pubmed/19000125
https://doi.org/10.2215/CJN.14251217
https://www.ncbi.nlm.nih.gov/pubmed/30309840
https://doi.org/10.1111/j.1542-4758.2006.01176.x
https://www.ncbi.nlm.nih.gov/pubmed/16441829
https://doi.org/10.1016/S1073-4449(97)70026-8
https://doi.org/10.1111/j.1523-1755.2004.00806.x
https://doi.org/10.1111/j.1523-1755.2005.00360.x
https://doi.org/10.1093/ndt/16.7.1521-a
https://doi.org/10.1007/s00134-001-1154-9
https://doi.org/10.1016/S1051-0443(99)70188-0
https://www.ncbi.nlm.nih.gov/pubmed/10496704
https://doi.org/10.1053/j.ajkd.2014.02.017
https://www.ncbi.nlm.nih.gov/pubmed/24713222
https://doi.org/10.1159/000183812


J. Clin. Med. 2023, 12, 4732 15 of 16

25. Canaud, B.; Leray-Moragues, H.; Garrigues, V.; Mion, C. Permanent twin catheter: A vascular access option of choice for
haemodialysis in elderly patients. Nephrol. Dial. Transplant. 1998, 13 (Suppl. 7), 82–88. [CrossRef]

26. Canaud, B.; Leray-Moragues, H.; Kerkeni, N.; Bosc, J.Y.; Martin, K. Effective flow performances and dialysis doses delivered with
permanent catheters: A 24-month comparative study of permanent catheters versus arterio-venous vascular accesses. Nephrol.
Dial. Transplant. 2002, 17, 1286–1292. [CrossRef]

27. Canaud, B.; Leray-Moragues, H.; Klouche, K.; Morena-Carrere, M.; Chenine, L.; Miller, G.; Cristol, J.P.; Canaud, L. Percutaneous
Placement and Management of High-flow Catheter for Hemodialysis: The case for DualCath, two tunneled single lumen silicone
catheters. J. Vasc. Access. 2023.

28. Fa, G. Hemodialysis: Technique and kinetic considerations. In The Kidney; Brenner, B.M., Rector, F.C., Jr., Eds.; WB Saunders
Company: Philadelphia, PA, USA, 1976; Chapter 41; p. 1673.

29. Thomas, M.; Argiles, A.; Kerr, P.G.; Canaud, B.; Flavier, J.L.; Mion, C.M. Measurement of vascular access recirculation without
contralateral venous puncture. Nephron 1992, 62, 224–225. [CrossRef]

30. Leblanc, M.; Bosc, J.Y.; Vaussenat, F.; Maurice, F.; Leray-Moragues, H.; Canaud, B. Effective blood flow and recirculation rates in
internal jugular vein twin catheters: Measurement by ultrasound velocity dilution. Am. J. Kidney Dis. 1998, 31, 87–92. [CrossRef]

31. Aslam, S.; Saggi, S.J.; Salifu, M.; Kossmann, R.J. Online measurement of hemodialysis adequacy using effective ionic dialysance
of sodium-a review of its principles, applications, benefits, and risks. Hemodial. Int. 2018, 22, 425–434. [CrossRef]

32. Kuhlmann, U.; Goldau, R.; Samadi, N.; Graf, T.; Gross, M.; Orlandini, G.; Lange, H. Accuracy and safety of online clearance
monitoring based on conductivity variation. Nephrol. Dial. Transplant. 2001, 16, 1053–1058. [CrossRef] [PubMed]

33. Lowrie, E.G.; Li, Z.; Ofsthun, N.; Lazarus, J.M. The online measurement of hemodialysis dose (Kt): Clinical outcome as a function
of body surface area. Kidney Int. 2005, 68, 1344–1354. [CrossRef] [PubMed]

34. Maduell, F.; Ramos, R.; Varas, J.; Martin-Malo, A.; Molina, M.; Pérez-Garcia, R.; Marcelli, D.; Moreso, F.; Aljama, P.; Merello, J.I.
Hemodialysis patients receiving a greater Kt dose than recommended have reduced mortality and hospitalization risk. Kidney Int.
2016, 90, 1332–1341. [CrossRef] [PubMed]

35. Tattersall, J.E.; Ward, R.A. Online haemodiafiltration: Definition, dose quantification and safety revisited. Nephrol. Dial. Transplant.
2013, 28, 542–550. [CrossRef] [PubMed]

36. Daugirdas, J.T. Simplified equations for monitoring Kt/V, PCRn, eKt/V, and ePCRn. Adv. Ren. Replace. Ther. 1995, 2, 295–304.
[CrossRef]

37. Daugirdas, J.T.; Schneditz, D. Overestimation of hemodialysis dose depends on dialysis efficiency by regional blood flow but not
by conventional two pool urea kinetic analysis. ASAIO J. 1995, 41, M719–M724. [CrossRef]

38. Bergström, J.; Wehle, B. No change in corrected beta 2-microglobulin concentration after cuprophane haemodialysis. Lancet 1987,
1, 628–629. [CrossRef]

39. Garred, L.J.; Canaud, B.; Argiles, A.; Flavier, J.L.; Mion, C. Protein catabolic rate determination from a single measurement of
dialyzed urea. ASAIO J. 1995, 41, M804–M809. [CrossRef]

40. Trerotola, S.O. Catheters: A Necessary Evil? J. Vasc. Interv. Radiol. 2004, 15, P206–P209. [CrossRef]
41. Trerotola, S.O.; Kraus, M.; Shah, H.; Namyslowski, J.; Johnson, M.S.; Stecker, M.S.; Ahmad, I.; McLennan, G.; Patel, N.H.; O’Brien,

E.; et al. Randomized comparison of split tip versus step tip high-flow hemodialysis catheters. Kidney Int. 2002, 62, 282–289.
[CrossRef]

42. Power, A.; Hill, P.; Singh, S.K.; Ashby, D.; Taube, D.; Duncan, N. Comparison of Tesio and LifeCath twin permanent hemodialysis
catheters: The VyTes randomized trial. J. Vasc. Access 2014, 15, 108–115. [CrossRef] [PubMed]

43. Vesely, T.M. Central venous catheter tip position: A continuing controversy. J. Vasc. Interv. Radiol. 2003, 14, 527–534. [CrossRef]
[PubMed]

44. El Khudari, H.; Ozen, M.; Kowalczyk, B.; Bassuner, J.; Almehmi, A. Hemodialysis Catheters: Update on Types, Outcomes,
Designs and Complications. Semin. Intervent. Radiol. 2022, 39, 90–102. [CrossRef] [PubMed]

45. Lucas, T.C.; Tessarolo, F.; Jakitsch, V.; Caola, I.; Brunori, G.; Nollo, G.; Huebner, R. Blood flow in hemodialysis catheters: A
numerical simulation and microscopic analysis of in vivo-formed fibrin. Artif. Organs 2014, 38, 556–565. [CrossRef] [PubMed]

46. Vanholder, R.; Canaud, B.; Fluck, R.; Jadoul, M.; Labriola, L.; Marti-Monros, A.; Tordoir, J.; Van Biesen, W. Diagnosis, prevention
and treatment of haemodialysis catheter-related bloodstream infections (CRBSI): A position statement of European Renal Best
Practice (ERBP). NDT Plus 2010, 3, 234–246. [CrossRef]

47. Jaffer, Y.; Selby, N.M.; Taal, M.W.; Fluck, R.J.; McIntyre, C.W. A meta-analysis of hemodialysis catheter locking solutions in the
prevention of catheter-related infection. Am. J. Kidney Dis. 2008, 51, 233–241. [CrossRef]

48. Weijmer, M.C.; Debets-Ossenkopp, Y.J.; Van De Vondervoort, F.J.; ter Wee, P.M. Superior antimicrobial activity of trisodium citrate
over heparin for catheter locking. Nephrol. Dial. Transplant. 2002, 17, 2189–2195. [CrossRef]

49. Weijmer, M.C.; Kars, S.M.; ter Wee, P.M. A scanning electron microscopy analysis of a spontaneous hemodialysis catheter fracture.
Am. J. Kidney Dis. 2001, 38, 858–861. [CrossRef]

https://doi.org/10.1093/ndt/13.suppl_7.82
https://doi.org/10.1093/ndt/17.7.1286
https://doi.org/10.1159/000187037
https://doi.org/10.1053/ajkd.1998.v31.pm9428457
https://doi.org/10.1111/hdi.12623
https://doi.org/10.1093/ndt/16.5.1053
https://www.ncbi.nlm.nih.gov/pubmed/11328916
https://doi.org/10.1111/j.1523-1755.2005.00533.x
https://www.ncbi.nlm.nih.gov/pubmed/16105070
https://doi.org/10.1016/j.kint.2016.08.022
https://www.ncbi.nlm.nih.gov/pubmed/27780586
https://doi.org/10.1093/ndt/gfs530
https://www.ncbi.nlm.nih.gov/pubmed/23345621
https://doi.org/10.1016/S1073-4449(12)80028-8
https://doi.org/10.1097/00002480-199507000-00107
https://doi.org/10.1016/S0140-6736(87)90266-2
https://doi.org/10.1097/00002480-199507000-00126
https://doi.org/10.1016/S1051-0443(04)70216-X
https://doi.org/10.1046/j.1523-1755.2002.00416.x
https://doi.org/10.5301/jva.5000202
https://www.ncbi.nlm.nih.gov/pubmed/24500851
https://doi.org/10.1097/01.RVI.0000071097.76348.72
https://www.ncbi.nlm.nih.gov/pubmed/12761305
https://doi.org/10.1055/s-0042-1742346
https://www.ncbi.nlm.nih.gov/pubmed/35210738
https://doi.org/10.1111/aor.12243
https://www.ncbi.nlm.nih.gov/pubmed/24341622
https://doi.org/10.1093/ndtplus/sfq041
https://doi.org/10.1053/j.ajkd.2007.10.038
https://doi.org/10.1093/ndt/17.12.2189
https://doi.org/10.1053/ajkd.2001.27707


J. Clin. Med. 2023, 12, 4732 16 of 16

50. Weijmer, M.C.; van den Dorpel, M.A.; Van de Ven, P.J.; ter Wee, P.M.; van Geelen, J.A.; Groeneveld, J.O.; van Jaarsveld, B.C.;
Koopmans, M.G.; le Poole, C.Y.; Schrander-Van der Meer, A.M.; et al. Randomized, clinical trial comparison of trisodium citrate
30% and heparin as catheter-locking solution in hemodialysis patients. J. Am. Soc. Nephrol. 2005, 16, 2769–2777. [CrossRef]

51. Marcelli, D.; Scholz, C.; Ponce, P.; Sousa, T.; Kopperschmidt, P.; Grassmann, A.; Pinto, B.; Canaud, B. High-volume postdilution
hemodiafiltration is a feasible option in routine clinical practice. Artif. Organs 2015, 39, 142–149. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1681/ASN.2004100870
https://doi.org/10.1111/aor.12345

	Introduction 
	Material and Methods 
	Study Design 
	Patients 
	Ethics Statement 
	Vascular Accesses 
	DualCath Looking and Imaging (Figure 1) 
	DualCath and Vascular Access Management and Handling 
	Arteriovenous Access Management 

	Clinical Performances Assessed 
	Blood Flow (QB, mL/min) 
	Total Blood Volume Processed (TBVP, L/Session) 
	Vascular Access Recirculation (VA.REC, %) 
	Dialysis Dose Delivery 

	Statistics 

	Results 
	Patient Characteristics 
	Renal Replacement Treatment Schedule 
	Baseline Clinical Performances (3 Months) 
	Clinical Performances (Over a 30-Month Follow-Up Period) 
	Cumulative Clinical Performances Comparing DualCaths (DCaths) and Grouped Arterio-Venous Accesses (AVAs) 
	Longitudinal Follow-Up 


	Discussion 
	Main Findings of Our Study 
	Literature Comparison 
	Strength and Weakness of Our Study 
	Implications for Clinical Practices 

	Conclusions 
	References

