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Abstract

Background Regional citrate anticoagulation (RCA) is the most widespread technique which allows to perform
extracorporeal treatments, avoiding the complications of systemic anticoagulation. Due to limited citrate clearance,
RCA may be applied only to low extracorporeal blood flows (i.e., BF < 200 ml/min). In this proof of concept study, we
developed an innovative RCA technique based on lon Exchange Resin (i-ER) technology capable of regionally antico-
agulating BF up to 500 mL/min.

Methods Six healthy swine (41.0+3.1 kg) were sedated, mechanically ventilated, and connected to a prototype
extracorporeal circuit for continuous renal replacement therapy featuring a citrate-removal stage based on absorbent
materials and replacement fluids. Blood flow was 500 ml/min. Sodium citrate was continuously infused at the circuit
inlet (5 mmol/L). Heparin was continuously infused. Citrate concentration and Kaolin Heparinase thromboelastogra-
phy (KH-TEG) were measured on arterial blood, extracorporeal blood downstream the citrate infusion port, and down-
stream the citrate-removal stage. Samples were collected at baseline, 2, 8, 15, 30, 45, 60, 90, and 120 min for citrate
and at baseline, 2, 30, 60, and 120 min for KH-TEG. Calcium chloride was infused to maintain systemic ionized calcium
within the physiological range. The experiment lasted 2 h.

Results During the whole experiment, KH-TEG in the artery showed normal coagulation: reaction time (R)

was 8.30[6.80-10.10] min, with Maximum Amplitude (MA) of 71.70[67.90-77.00] mm, while in the extracorporeal
circuit, KH-TEG showed no sign of clot formation R>60 min, MA=0 mm. Citrate concentrations in blood samples
were stable within 30 min, then slowly increased. The efficacy of the citrate-removal dropped from 93.8+3.4%

to 48.3+1.5% at the beginning (2 min) and at the end (2 h), respectively (p <0.001), due to loss of efficiency

of the iERs.

Conclusions This study demonstrates that iER-based RCA is a feasible and effective technique for regional anticoagu-
lation of extracorporeal blood flow up to 500 mL/min for 60 min without significant complications.
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Introduction

Blood anticoagulation is a mainstay of any extracor-
poreal blood treatment [1]. With the current artificial
surface technology, extracorporeal blood treatment
without anticoagulation inevitably leads to both cir-
cuit and systemic thromboembolic complications [2,
3]. Systemic heparin infusion is the most widespread
method to achieve anticoagulation [4, 5]. Unfortu-
nately, this approach is fraught with possible severe and
even lethal hemorrhage [6, 7]. To reduce these compli-
cations, several regional coagulation techniques have
been developed [8, 9], regional citrate anticoagulation
(RCA) being the most employed [10]. Citrate infused
in the extracorporeal circuit chelates calcium, thus
inhibiting the clotting cascade and platelet activation.
Then, once in the systemic circulation, citrate is cleared
by liver and kidney metabolism. [11, 12] Despite being
safe and effective in several settings [13], due to the
limited citrate systemic clearance [14, 15], RCA can be
employed only for extracorporeal blood treatment with
low blood flow (BF), i.e., lower than 200 mL/min if con-
tinuous renal replacement therapy is applied. Whether
employed with higher BF, RCA may lead to citrate net
overload or accumulation, causing acid—base and cal-
cium derangements [16-23].

We developed an innovative RCA technique based
on lon Exchange Resin (i-ER) [24] technology capable
of regionally anticoagulating BF up to 500 mL/min to
overcome such issues. I-ERs are insoluble polymers with
acidic or basic functional groups capable of exchanging
cations or anions within the surrounding aqueous solu-
tion [25, 26]. Integrating an anionic i-ER in the extracor-
poreal circuit theoretically allows for citrate clearance
and thus limits citrate systemic accumulation.

The primary aim of this proof of concept study is to
evaluate in a large-animal experiment the feasibility, effi-
cacy, and short-term safety of this innovative i-ER-based
RCA in anticoagulating high extracorporeal blood flow
(i.e., 500 mL/min).

Materials and methods

Animal care and ethical approval

This study was approved and conducted according to the
Institutional Guidelines for the Care and Use of Labora-
tory Animals. The Italian Ministry of Health approved
the study (1178/2020-PR), and animals were treated
according to international recommendations [27].

Animal preparation and management
Complete descriptions of animal care, animal prepa-
ration and instrumentation, animal monitoring, and
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management are reported in the online supplement and
our previous experiments [26, 28, 29].

Following a parenteral injection of 150 IU/kg of unfrac-
tionated heparin (UFH) (Epsoclar, Pfizer Srl, Latina,
Italy), the right iliac vein and the right external jugular
vein were cannulated (Single stage venous cannula 18 Fr,
25 cm, Medtronic, Minneapolis, MN) and connected to a
custom-made extracorporeal circuit optimized for i-ER-
based RCA. A continuous infusion of UFH was provided,
targeting an activated clotting time>300 s (GEM PCL
Plus, Instrumentation Laboratory SpA Werfen, Milano,
Italy).

Given that this was an exploratory proof-of-concept
study using large animals, we administered systemic
anticoagulation by heparin infusion throughout the 2-h
experiment (maintaining an ACT >300 s, according to
our group previous experiments [26, 28-30]) to pre-
vent clot formations during other phases other than the
iER-based RCA evaluation. Consequently, thromboelas-
tographic analyses were conducted using kaolin—hepari-
nase cuvettes, which ensured that the heparin infusion
did not influence the interpretation of our results.

Throughout the experiment, arterial ionized calcium
(iCa) was kept within 1.2 and 1.3 mmol/L while potas-
sium (K*) within 3.5 and 4.5 mmol/L by a parenteral
infusion of replacement solutions (calcium chloride
0.68 mmol/mL, potassium chloride 2 mmol/mL). At the
end of the experiment, animals were euthanized while
still under deep sedation, with an injection of 40 mEq of
potassium chloride.

Extracorporeal circuit

A schematic representation of the custom-made extra-
corporeal circuit is shown in Fig. 1A. It was composed
of a blood circuit and a hemodiafiltrate circuit. First,
blood was drained from the right iliac vein with a peri-
staltic pump (Multiflow Roller Pump Module H10 series,
Stockert Shiley, Munich, Germany) called blood pump,
then flowed through two hemodiafilters (FX800, Frese-
nius Medical Care, Bad Homburg, Germany) and was
reinfused into the right external jugular vein. Two hemo-
diafilters in series were used to provide adequate dialysis.
Blood flow (BF) was kept constant at 500 mL/min.

After the sampling point of the drainage blood (Blood
inlet, PO in the circuit), a Sodium Citrate infusion
(Sodium Citrate 4%, Fresenius Kabi AG, Bad Homburg,
Germany at 1103 mL/h by Volumat MC Agilia, Frese-
nius Kabi, Le Grand Chemin, France) was administered
to achieve citrate concentration of 5 mmol/L before the
hemodiafilters (pre-filter blood, P1 in the circuit).

After the extracorporeal treatment, the blood returned
to the pig (Blood outlet, P9 in the circuit).
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Fig. 1 Extracorporeal circuit (A) and experiment timeline (B). Details in the text. Created in BioRender. Colombo, S. (2025) https://BioRender.com/
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In the hemodiafiltration circuit, the outlet and the
inlet ports of the hemodiafilters were connected to
form a closed-loop circuit. The hemodiafiltrate was then
directed, countercurrent to the blood, through a series
of cartridges (FCR 35, Nobel, Segrate, Italy), contain-
ing 600 ml of ion exchange resins each, using a peristal-
tic pump (Multiflow Roller Pump Module H10 series),
referred to as the hemodiafiltrate pump, at a flow rate of
1500 mL/min (Hemodiafiltrate flow, HDF):

+ In the first portion of the hemodiafiltrate circuit,
three ion exchange resins were connected in series.
The first two were anionic i-ERs, while the third was
a cationic i-ER (high capacity, mixed matrix PMB
101-3 polystyrene and divinylbenzene, Pure Resin,
HSEDA Shangyu, Zhejiang, China). Two withdrawal
ports were positioned before and after these i-ERs
(P2 and P3). This first portion of i-ER exchanges the
citrate anion with the chloride ion, consequently
releasing the ionized calcium chelated by the citrate.
Calcium is then exchanged with sodium to maintain
effective anticoagulation.

+ In the second portion of the hemodiafiltrate circuit,
two couples of ion exchange resins were connected
using a specific one-to-one parallel circuit to pro-
vide ions equilibrium. Specifically, a portion of the
hemodiafiltrate was diverted across anionic resins at
a flow rate of 64 mL/min, while another 41 mL/min
of hemodiafiltrate was diverted into cationic resins.
Three withdrawal ports were positioned after the
anionic resin (P4), after the cationic resin (P5), and
after the rejoining of these (P6). This second portion
of resin circuit, placed in parallel along the primary
hemodiafiltration circuit, rebalances the chloride and
sodium ions (previously exchanged in the first por-
tion of the hemodiafiltrate circuit) with bicarbonate
and hydrogen ions, respectively. These ions form car-
bonic acid, which breaks down into water and carbon
dioxide, subsequently eliminated as a volatile gas. The
reactions across the second section of the hemodia-
filtration circuit are exothermic and produce a signif-
icant amount of carbon dioxide. For this reason, a gas
trap was placed immediately after rejoining the two
paths to limit gas entry into the primary hemodiafil-
trate circuit.

At the end of the hemodiafiltrate circuit, a membrane
lung (ML-Quadrox—iD Adult, Maquet Cardiopulmonary
GmbH, Rastatt, Germany) was inserted. The ML removes
the CO, excess generated by the reaction between the H*
and HCO; ions released by the exchange resins before
the ML, acting also as a bubble trap. This ML was ven-
tilated with a constant flow of pure oxygen (10 L/min),
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and the temperature was kept at 38 °C throughout the
experiment to avoid coagulation disorders. In addition,
two withdrawal ports were placed before and after the
ML (P7 and P8 in the circuit).

Along the hemodiafiltrate circuit, 1170 mL/h of the
hemodiafiltrate (Waste Flow, WF) was diverted before
the first ion exchange resin and then discarded by a peri-
staltic pump (Volumat MC Agilia), referred to as waste
pump. This flow ensured the pig remained euvolemic.

lon exchange preparation

The ion exchange resin cartridges were washed and
rinsed with specific solutions before use. See the Online
Supplement for further details. The entire circuit was
finally primed with Bicarbonate Buffered Haemofiltration
Solution 4 mmol/L potassium (MultiBic, Fresenius Medi-
cal Care, Bad Homburg, Germany) both in the blood cir-
cuit (priming volume ~ 1 L) and in the hemodiafiltrate
circuit (priming volume ~ 1.5 L).

Experimental design and measurements

Upon completion of the instrumentation, the feasibility
and safety of the i-ER-based RCA technique were evalu-
ated in a 2-h proof-of-concept experiment.

Nine different steps were defined according to spe-
cific timepoints: baseline (only blood flow, without i-ER-
based RCA), T2 (2 min), T8 (8 min), T15 (15 min), T30
(30 min), T45 (45 min), T60 (60 min), T90 (90 min), T120
(120 min).

Hemodynamics (i.e., heart rate, arterial pressures, core
temperature, and oxygen peripheral saturation), ventila-
tory parameters (i.e., minute ventilation, respiratory rate,
tidal volume, peak pressure, plateau pressure, and mean
airway pressure), and circuit settings (i.e., flows and pres-
sures) were recorded. Refer to Fig. 1B for a schematic
timeline of the sample collection.

At each step, arterial and circuit port samples were
withdrawn for gas analyses and ion concentrations
(Ca**, Na*, and CI7) (ABL 800 gas analyzer; Radiometer,
Copenhagen, Denmark). In addition, laboratory tests
were conducted at specific timepoints to assess magne-
sium and total calcium concentrations (ADVIA Chemis-
try, Siemens Healthcare Diagnostics Inc, Tarrytown, NY),
fibrinogen level according to Clauss method (ACL TOP
700 CTS, Instrumentation Laboratory, Bedford, MA),
and complete blood count (XT-2000i, Sysmex, Kobe,
Japan). Furthermore, total proteins, hemolysis indicators
like lactate dehydrogenase (ADVIA Chemistry, Siemens
Healthcare Diagnostics Inc), and plasma free hemoglobin
concentration were also measured after instrumentation
as well as at the end of the study. Further details can be
found in the Online Supplement.
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To evaluate the anticoagulation efficacy, blood was
sampled from the arterial line (ART), from blood-inlet
(P1), and the blood outlet (P9) and subsequently evalu-
ated by viscoelastic coagulation tests (TEG® 5000, Hae-
monetics Corporation, Braintree, MA, US). To evaluate
coagulation independently from the level of systemic
heparinization and the potential bias due to heparin’s
continuous intravenous infusion, the Kaolin—Heparinase
test technique (KH-TEG) was used. The following KH-
TEG parameters were studied: reaction time (R), kinetics
time (K), « angle (&), maximum amplitude (MA), and clot
lysis 30 min after MA (Ly30). Samples with R>60 min
were deemed unclotted; thus, the KH-TEG tests were
interrupted. Consequently, values of 60 min for R and K
and O for « angle, MA, and Ly30 were assigned arbitrarily.

Plasmatic citrate concentration was evaluated through-
out the experiment (Citrate evaluation kit, Sigma Aldrich,
St. Louis, MO, USA). The efficiency of citrate removal by
iERs was calculated using the ratio between the difference
in pre-filter blood citrate concentration (P1) and Blood
outlet citrate concentration (P9) with the pre-filter blood
citrate concentration (P1), ([CitrateP1]-[CitrateP9]/
[CitrateP1]).

Statistical analysis
The sample size was based on our experience from previ-
ous experiments.

When appropriate, data are presented as mean + stand-
ard deviation (SD) or median and interquartile range

Table 1 Thromboelastographic parameters
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[IQR]. A two-way analysis of variance for repeated meas-
ures (two-way RM—-ANOVA) was performed using a
residual maximum likelihood method to fit a general lin-
ear model. Circuit withdrawal port (i.e., nine levels) and
time (Baseline to T120) were considered fixed factors,
while animals were considered random effects. Post-hoc
Student ¢ test with Tukey adjustment was used for multi-
ple comparisons. Two-tailed values of P below 0.05 were
considered statistically significant. Statistical analyses
were performed using the JMP Pro 16 statistical soft-
ware (SAS, Cary, NC, US), GraphPad Prism 10 for Mac
(GraphPad Software, San Diego, CA, USA).

Results
All the 6 animals (41.00+3.14 kg) completed the study
without significant complications.

Regional anticoagulation

The systemic and extracorporeal KH-TEG parameters
are reported in Table 1. The i-ER-based RCA technique
provided efficient blood anticoagulation throughout the
entire extracorporeal circuit, while systemic coagulation
remained stable and unaffected.

Specifically, R-time never showed any sign of clot for-
mation in the pre-filter blood (P1) or in the blood outlet
(P9), while normal values were observed in the arterial
blood (overall median R-time: 60.00[60.00—60.00] vs.
8.30[6.80-10.10] min; p <0.001).

Baseline T2 T30 T60 T120 p value
R (min) ART 9.10 [6.35-10.13] 11.95[7.80-16.10] 8.90 [6.90-10.35] 8.20 [6.30-10.45] 8.10 [6.25-10.80] 0.5581
P1 - 60.00 [60.00-60.00] 60.00 [60.00-60.00] 60.00 [60.00-60.00] 60.00 [60.00-60.00] 1.0000
P9 - 60.00 [60.00-60.00] 60.00 [60.00-60.00] 60.00 [60.00-60.00] 60.00 [60.00-60.00] 1.0000
K (min) ART 2.301[1.55-3.25] 4.20[1.80-6.60] 2.30[1.95-3.30] 2.10[1.70-3.70] 2.30[1.55-3.40] 0.4602
P1 - 0.00 [0.00-0.00] 0.00 [0.00-0.00] 0.00 [0.00-0.00] 0.00 [0.00-0.00] 1.0000
P9 - 0.00 [0.00-0.00] 0.00 [0.00-0.00] 0.00 [0.00-0.00] 0.00 [0.00-0.00] 1.0000
al®) ART  64.80[52.25-73.80] 50.65 [32.00-69.30] 61.40 [55.20-66.60] 65.80 [49.65-69.00] 6240 [41.10-6520] 04313
P1 - 0.00 [0.00-0.00] 0.00 [0.00-0.00] 0.00 [0.00-0.00] 0.00 [0.00-0.00] 1.0000
P9 - 0.00 [0.00-0.00] 0.00 [0.00-0.00] 0.00 [0.00-0.00] 0.00 [0.00-0.00] 1.0000
MA (mm) ART  73.40[6833-80.13] 66.25 [56.50-76.00] 71.70 [62.85-75.50] 69.00 [63.40-76.15] 72.10[70.75-77.30]  0.3907
P1 - 0.00 [0.00-0.00] 0.00 [0.00-0.00] 0.00 [0.00-0.00] 0.00 [0.00-0.00] 1.0000
P9 - 0.00 [0.00-0.00] 0.00 [0.00-0.00] 0.00 [0.00-0.00] 0.00 [0.00-0.00] 1.0000
Ly30 (%) ART 1.5[0.5-26.9] - 4[0.1-0.7] 2[0.1-3.2] 710.8-3.2] 0.7109
P1 - 0.0 [0.0-0.0] 0[0.0-0.0] 0[0.0-0.0] 0[0.0-0.0] 1.0000
P9 - 0.0 [0.0-0.0] 0[0.0-0.0] 0[0.0-0.0] 0[0.0-0.0] 1.0000

Data are reported as median [IQR] or mean+SD

Samples obtained from the Arterial line (ART), after sodium-citrate infusion in the circuit (P1) and blood outlet (P9). Only heparinase results are reported
Statistical analysis: No statistically differences between timepoints were observed

R, reaction time; K, K-time; @, angle; MA, maximum amplitude; Ly30, % of lysis 30 min after MA
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Furthermore, MA-amplitude was stable at 73.40[68.33—
80.13] and 72.10[70.75-77.30] at baseline and end-
experiment, respectively (p=0.4812); same trends have
been observed in K (2.30[1.55-3.25] vs. 2.30[1.55-3.40],
p=0.4602), a (64.80[52.25-73.80] vs. 62.40[41.10-65.20],
p=04313) and Ly30 (1.5[0.5-26.9] vs. 1.7[0.8-3.2],
p=0.7109).

No significant alterations in platelets and fibrinogen
systemic concentrations were observed (Table 2).

The i-ER-based RCA technique significantly reduced
ionized calcium concentrations (iCa) in the pre-filter
blood (P1) and blood outlet (P9) compared to the arterial
blood.

iCa dropped from 1.38+0.10 mmol/L in the arte-
rial blood to 0.24+0.02 mmol/L in the pre-filter blood

Table 2 Laboratory results

Baseline T120 p value
Alb (g/dL) 2.35[2.22-2.57] 2.35[2.10-2.62] 0.8220
AST (IU/L) 25[17-26] 30 [24-341% 0.0121
ALT (IU/L) 44 140-61] 48 [40-59] 0.6756
BilT (mg/dL) 0.09[0.08-0.11] 0.13[0.07-0.28] 0.1271
CPK(IU/L) 592 [454-975] 526 [392-839] 0.2285
Crea (mg/dL) 0.73[0.67-0.79] 0.69 [0.58-0.75] 0.0895
D-dim (mcg/L) 355 [136-565] 288 [212-443] 0.3460
PIt (1 03/;L L) 316.0+1374 3482+141.2 0.7030
Fib (mg/dL) 111.0[92.5-135.5] 1140[107.5-149.0] 0.1899
Hb-free (mg/dL)  4.40 [3.30-8.12] 6.90 [4.75-8.25] 04034
LDH (1U/L) 395.5[376.7-424.5]  380.0 [345.0-497.5] 0.8126
Tot Prot (g/dL) 4.95 [4.30-5.50] 4.50 [4.45-5.30] 0.5467
Urea (mg/dL) 8.00 [5.75-9.75] 9.00 [7.50-11.50] 0.0905

Data are reported as median [IQR] or mean+SD

Statistical analysis: %p <0.05 vs. Baseline

Alb, albumin; AST, aspartate transaminase; ALT, alanine transaminase; BilT, total
bilirubine; CPK, creatine phosphokinase; Crea, creatinine; D-dim, D-dimers;

Plt, Platelets; Fib, Fibrinogen; Hb-free, plasma-free hemoglobin; LDH, lactate
dehydrogenase; Tot Prot, total proteins

lonized Calcium (iCa)

20

Total Calcium (TCa)
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(P1) and 0.19+£0.02 mmol/L in the blood outlet (P9) at
the beginning of the i-ER-based RCA treatment (iCa
at 15 min: p<0.001). The concentrations of iCa in the
blood inlet—before the extracorporeal treatment with
RCA (PO)—were comparable to the systemic concen-
trations (iCa at 15 min: ART 1.38+0.10 mmol/L vs. PO
1.41+0.10 mmol/L, p=0.5969). The effects of the pas-
sage of blood through the extracorporeal circuit on iCa
are shown in Fig. 2A.

The effects of the i-ER-based RCA technique on
total calcium concentrations (TCa) are presented in
Fig. 2B. TCa was stable up to 60 min of treatment and
subsequently progressively increased both in systemic
and extracorporeal samples. Systemic TCa increased
from 10.3 [10.1-10.8] mg/dL at the beginning (15 min)
to 15.5[15.1-18.2] mg/dL at the end of treatment
(p<0.0001). As for iCa, TCa concentrations at the blood
inlet (P0) were comparable to arterial concentrations dur-
ing the entire experiment. (TCa at 15 min: ART 10.1[9.9—
10.8] mg/dL vs. P0 10.3[10.0-10.7] mg/dL; p=0.7752).

During the second hour of the experiment, a dramatic
increase in the TCa:iCa ratio was observed. The ratio was
below 2.5 until 60 min of treatment, then almost doubled
at the end of the experiment (T60 2.48[2.44—2.59] vs.
T120 4.00(3.77-4.73]; p<0.001) (Fig. 2C).

Citrate concentrations significantly changed along
the extracorporeal circuit. Looking at the first 60 min
of treatment, citrate dropped from a median value
of 7.85[7.69-8.58] mmol/L in pre-filter blood (P1) to
2.38[2.32-2.50] mmol/L in blood outlet (P9) due to
the i-ER-based RCA treatment (p<0.001) (Fig. 3A). In
addition, direct systemic accumulation of citrate was
observed since the first hour of the experiment, with
arterial citrate increasing from 0.20[0.17-0.32] mmol/L
at 15 min to 3.60[3.11-3.94] mmol/L at 2 h (p<0.001)
(Fig. 3B).

The efficiency reduction in citrate removal by i-ER-
based RCA circuit can be observed in Fig. 3C. Citrate
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Fig. 2 Total and ionized calcium concentrations. Data are reported as median [IQR]. Samples obtained from the Arterial line (ART), blood inlet (P0),
after sodium~—citrate infusion in the circuit (P1) and blood outlet (P9). A lonized Calcium concentration (iCa) along the extracorporeal circuit. B Total
Calcium concentration (TCa) along the extracorporeal circuit. C TCa:iCa ratio in the arterial blood. Statistical analysis: *p < 0.05 vs. Baseline, *p < 0.05
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removal dropped from 93.8+3.4% to 48.3+1.5% at the
beginning (15 min) and at the end (2 h), respectively

(p<0.001).

For further details on regional anticoagulation, iCa
and TCa concentrations, and citrate concentration, see

Table S1 in the Online Supplement.

Electrolytes and acid-base balance

Sodium remained almost constant during the entire
first hour of the experiment, while a significant decrease
was observed in the last hour. As reported in Table 3,
systemic Na' decreased from 138.2+2.6 mmol/L to
132.7+4.1 mmol/L at baseline and T120, respectively

(p=0.0133).

Systemic concentrations

of potassium

remained

stable during the experiment (3.9+0.3 mmol/L vs.
3.9+0.2 mmol/L at baseline and T120, respectively;

p=0.3141, Table 3).

Arterial chloride dropped from 100.8+4.8 mmol/L
to 94.2+8.6 mmol/L at baseline and T120, respectively

(p=0.0135) (Table 3).

Magnesium systemic concentration decreased from
1.67[1.58-1.74] mg/dL to 1.28[1.19-1.36] mg/dL at base-
line and T120, respectively (p <0.001) (Table 3).

Phosphorus concentrations decreased over the 2-h
experiment, with arterial concentrations dropping from
8.05+0.66 mg/dL to 6.47+0.47 mg/dL at baseline and

T120, respectively (p <0.001) (Table 3).

Acid-base regulation was also affected due to electro-
lyte exchanges along the circuit during the i-ER-based
RCA treatment. As a result, arterial pH increased from
7.46+0.03 to 7.55+0.04 at baseline and T120, respec-

tively (»<0.001) (Table 3).

A complete summary of all electrolyte concentrations
and acid-base parameters in the extracorporeal blood
along the circuit is presented in Tables S2-S10 in the

Online Supplement.

Systemic safety

The hemodynamics and ventilatory parameters were
stable throughout the study, as shown in Table S5 in the
Online Supplement. No significant adverse events were
observed in the pigs during the study.

Blood gas and laboratory results obtained during the
experiment are presented in Tables 2 and 3. No signifi-
cant changes in values were observed, except for the elec-
trolytes and pH as described earlier. Free hemoglobin
levels showed a slight increase from 5.31+2.42 mg/dL
to 6.58+2.25 mg/dL at baseline and T120, respectively
(p=0.4034).

Discussion

We have evaluated an innovative RCA technique based
on i-ERs technology for anticoagulating extracorporeal
blood flow up to 500 mL/min. In a large animal model of
healthy swine connected to a custom-made extracorpor-
eal circuit, the i-ER-based RCA proved to be feasible and
effective in reducing calcium concentrations and remov-
ing citrate, thus achieving regional anticoagulation, as
confirmed by the KH-TEG analysis while avoiding sys-
temic citrate accumulation.

Due to the activation of the coagulation cascade upon
contact between blood and extracorporeal surfaces,
blood anticoagulation is necessary during extracorporeal
blood treatments [2, 3, 5, 7]. However, systemic antico-
agulation can be associated with severe and even fatal
complications, such as massive bleeding and intracranial
hemorrhage, even at low doses of unfractionated heparin
[6, 7]. Therefore, the i-ER-based RCA provides a promis-
ing alternative for anticoagulation during extracorporeal
blood treatments, offering effective regional anticoagula-
tion while avoiding systemic complications.

In recent decades, several techniques have been pro-
posed to overcome the complications associated with
systemic anticoagulation during extracorporeal treat-
ments, including dilutional approaches, regional



Page 8 of 13

(2025) 13:64

Colombo et al. Intensive Care Medicine Experimental

wnipjed 230} ‘8D {(,, D) winidjed paziuol ‘el ‘wnisaubew ‘B ‘snioydsoyd o ‘ssadxa aseq ‘3g ‘2s0on|6 ‘n|o
‘91e)12R| 207 !$91RUOMIRIIG ‘_EODH ‘DPHOIYD ‘_|D ‘WNIpos *, BN ‘wnisselod ‘) 41d0jeway 1oH ‘uoijeinies uabAxo uigojboway ‘qHYO ‘uigojboway ‘qH ‘anssaid uabAxo [euare Od ‘ainssaid apixolp uog.ed [eusye “odd

09L'SA S0°0>dy, ‘0EL'SA S0°0>d, ‘'SLL"SA S0°0 > d ‘duljdseg 'sA 50'0 > dy :sisk|eue [ednsiels
dul| [elaMY Sy} Woly paulelqo sajdwes

S ¥ ueaw Jo [YO|] ueipaw se payiodal aie eyeq

10000> ossslC8L=L'S11SSL [GTI-0LLSLL [90L-10L1 0L [801-6%6] 101 [gol-1oll€ol (1p/Buw) et
10000> sl LOF00'L wl00FOL'L $600F8T' L oLoFseL YO0F8YL (1/1oww) e}
10000> osssl9€1-61118TL S6L1=60 11 L1 SlLUL=L0L1¥0'L SOLL=70'1] 0L P2'1-8511 291 (Ip/Bbus) B
10000> 4l OFLY9 S 0FL6S $LSOF0LS $LSOFTSS 990F50'8 (Ip/bw) d
¥2ezo 9rF8L SLFL 9LFTL 0CFES 0CF6Y (1/1oww) 39
L6¥£0 OELFLLLL YrLFSECL LSLFLETL 8TEFEELL €yLF08Cl (p/Bw) N9
71800 90FST YOFTT ¥0F0C YEFTT LOFLT (1/1oww) deq
€LL00 CYFCILE SELFOLE 9LFOLE L'LFT6C 8LF/8C (1/1oww) _€ODH
62000 #98FT6 €TFL86 8CF80L YEFEVOL ¥ F800l (vioww) 5
L+000 wlPFLTEL 6LFEGEL LCFSoel €TFLLEL 9CFT8EL (1/loww) ,eN
#7500 T0F6€ T0F 0¥ COF0Y COFCY €0F6E (1/10ww)
8/¥9°0 8GFTYC 6TFSVC 6TF8'SC 0€FTST 6CF0SC (96) 12H
659€°0 LOF8L6 €0F9L6 COF9L6 SOFLL6 Y0¥ /16 (9%6) gH’O
€1590 6LF8L 60F6L 60F€8 OLFL8 0LF08 (1p/6) gH
996€°0 S6LFTEIL €6LFTSLL 89LF8/1 ECFOSYLL 0/CF078l (BHww) “od
z5100 wl €FLGE 0TFTLE 0TF6LE S9F90Y 6CFO LY (BHWwW) codd
10000> V00F G5, E00F V5L s700FCGL $L00F L7/ €00For/ Hd
anjead ozLlL 091 o€l SLL auljaseg

s)nsa4 seb poo|q [eLdLY € djqeL



Colombo et al. Intensive Care Medicine Experimental (2025) 13:64

heparin—protamine infusions, prostaglandin infusion,
and variations in materials and blood flows [8, 31-34].
However, citrate anticoagulation remains the most widely
used regional blood anticoagulation worldwide [10]. It
is the preferred anticoagulation method for continu-
ous renal replacement therapy due to its superior per-
formance in filter life span and total delivered therapy
compared to systemic heparin infusion [13, 35]. Citrate
is infused directly into the extracorporeal circuit at the
blood inlet and, chelating calcium, reduces its concentra-
tion, thus providing immediate anticoagulation of blood
[11, 36, 37]. Roughly 50% of the resulting citrate—calcium
complexes are eliminated via continuous renal replace-
ment therapy, while the remaining portion enters the
systemic circulation, where it is metabolized by the liver
[11, 38]. The calcium lost through this process is then
replaced in the blood outlet, using automated algorithms
to calculate the required amount [39, 40]. Unfortunately,
citrate clearance is limited, so only extracorporeal BF up
to 200 ml/min can be anticoagulated by citrate infusion.
In addition, accurately estimating calcium losses can be
challenging, even with the use of automated systems that
still require operator-dependent interventions [41-43].
Consequently, several complications have been reported
during RCA including citrate accumulation, acid—base
imbalances, and electrolyte disorders [16—22]. Moreover,
citrate infusion contributes to caloric load, which can be
detrimental, especially for critically ill patients [23, 44].
We previously described an alternative technique for
regional anticoagulation that addressed some of the limi-
tations associated with citrate-based anticoagulation.
Our technique used cation i-ERs to reduce the concen-
tration of calcium and achieve anticoagulation without
the need for citrate infusion. In our initial report, we
demonstrated the feasibility of this approach, but a high
recirculation of calcium-free ultrafiltrate was necessary,
which limited its application to extracorporeal blood
flows lower than 150 mL/min [26]. To overcome some of
the limitations of our previous technique and of existing
citrate-based anticoagulation technologies, we designed
and tested a novel solution presented herein. This solu-
tion employs cationic and anionic exchange resins, which
can exchange ions with the surrounding solution based
on their concentration and affinity. However, since the
i-ERs are not biocompatible with blood, we developed
a specific hemodiafiltration circuit design. The regional
anticoagulation was achieved by reducing the iCa con-
centration below 0.35 mmol/L, which represents the
threshold associated with full anticoagulation in human
blood [37]. First, we infused 4% sodium citrate (18 ml/
min) at the blood inlet to achieve 5 mmol/L of citrate
concentration which resulted in a significant reduction of
iCa thus full anticoagulation of the blood. Subsequently,
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the blood passed through the hemofilters, before return-
ing to the pig. The hemodiafiltrate effluent from the
hemofilter, has a high flow, triple, compared to the blood
flow so as to almost reach equilibrium. A small fraction
of the flow (1170 mL/h) was discarded to achieve a neu-
tral water balance.

Since we used an HDF flow three-times higher than the
BE, the recirculating technique was mandatory. Other-
wise, we would have needed 90 L/h of dialysis treatment.
With the closed-loop circuit, we could reduce the WF
to only 1.17 L/h (only 1.3% of the waste flow otherwise
requested), making the technique more transferable to
clinical practice in the coming years.

The first portion of treatment consists in citrate—cal-
cium exchange with chloride and sodium, respectively,
to maintain effective anticoagulation. Part of the hemo-
diafiltrate is then diverted to the rebalancing iERs capable
of exchanging chloride and sodium ions with bicarbonate
and hydrogen ions, respectively; these compounds led to
carbonic acid formation, then split into water and carbon
dioxide, the latter easily removable by membrane lung
ventilation.

In addition to demonstrating the effectiveness of iER-
based RCA in reducing iCa throughout the entire extra-
corporeal blood circuit, we also confirmed complete
anticoagulation using KH-TEG analysis. No signs of clot
formation were observed following citrate infusion and
its subsequent removal (i.e., at points P1 and P9 in the
circuit). Although the main determinant in citrate reduc-
tion is due to the net effect of the iER, the diffusion of cit-
rate from the blood into the dialysate compartment may
also have contributed in lowering the citrate systemic
concentration. In contrast, KH-TEG analysis indicated
the absence of systemic anticoagulation during the 2-h
experiment (i.e., in the arterial blood sample). In addition
to the effects due to the reduction of iCa concentrations
in the circuit, we also observed a decrease in magnesium
concentrations due to the non-selective action of iERs.
Magnesium, like iCa, has been reported to contribute in
activating several coagulating proteases [45].

Although full anticoagulation of the circuit, particularly
at point P9 downstream of the hemodiafilter (after citrate
removal), was maintained for 2 h, the efficiency of the iER
cartridges used in the experiment declined over time. The
cartridges achieved nearly 90% citrate removal within the
first 15 min of treatment, approximately 70% at 60 min,
and 50% at 120 min. Throughout the 2-h proof-of-con-
cept experiment, no major complications occurred. Dur-
ing the first 60 min of iER-based RCA, no significant
alterations in acid—base balance or electrolytes concen-
trations were recorded. However, in the second hour of
treatment, direct and indirect signs of systemic citrate
net overload were observed with non-compromised
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metabolism (e.g., arterial pH increased to 7.55, TCa accu-
mulated to 15.5 mg/dL).

The pH increase during the second hour was mainly
related to an unbalanced reduction in the efficiency of
the different ion exchange resins. In particular, the first
anionic resins reduced their function more significantly
than the others, thus resulting in less citrate removal
and chloride release, eventually leading to an increase in
systemic citrate concentration and decrease in systemic
chloride. These homeostasis alterations substantially dif-
fer from the citrate accumulation possibly occurring dur-
ing CRRT undergoing RCA.

No major variations in blood gases, ventilatory param-
eters, hemodynamics, or other blood laboratory results
were registered. Moreover, no signs of hemolysis were
detected during the application of iER-based RCA
technique.

Overall, our experiment suggests that the new custom-
made iER circuit for high blood flow RCA effectively
reduces iCa, providing complete regional anticoagulation
without clinically relevant alterations in systemic param-
eters during the first hour of treatment. To ensure the
safety and efficacy of longer-term treatments, it would be
necessary to implement more capable cartridges, replace
them more frequently, or reduce blood flow.

iER-based RCA offer several potential advantages: (1)
it provides regional anticoagulation for high BF (up to
500 mL/min) without systemic anticoagulation, thereby
avoiding severe or even fatal complications; (2) it over-
comes the limited body citrate clearance, thus avoiding
acid—base, electrolytes and metabolic disorders; (3) this
technique could be used in low BF extracorporeal treat-
ments for patients with liver failure, given that citrate
metabolism primarily occurs in the liver; and (4) it may
pave the way for new applications in other extracorpor-
eal blood treatments, such as chronic dialysis, apheresis,
and other organ support therapies, such as extracorpor-
eal CO, removal (ECCO,R) or liver substitution [46—48].

Notably, we envision the possibility of performing low-
BF highly efficient ECCO,R (i.e., 300 mL/min of blood
flow, with CO, removal up to 100% of an adult produc-
tion) without systemic anticoagulation by combining
advanced CO, removal techniques with iER-based RCA
[29, 30]. This approach could expand the use of ECCO,R
to a wide range of clinical scenarios, such as acute exacer-
bations of chronic obstructive pulmonary disease or as a
bridge to lung transplant, without the currently high risk
of bleeding, prohibitive for non-life-saving procedures.

However, several technical challenges and mile-
stones must be addressed before clinical applica-
tion can be considered. Currently, no ion-exchange
resins have been approved for clinical use and,
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high-flow hemodiafilters suitable for integration with
an ECCO,R circuit need to be developed. Moreo-
ver, the commercial scalability of such a system could
be hindered by its intrinsic technological complex-
ity. Despite these challenges, our experiment dem-
onstrated the theoretical and short-term practical
feasibility of this approach.

The study presents further limitations: (1) the swine
model used may have negatively influenced the results,
as pigs are known to be relatively hypercoagulable [49].
Also, only female swine have been enrolled in the study;
(2) the experiment was limited to a 2-h period, so long-
term efficacy and safety, both for the circuit (e.g., filter
lifespan) and systemically (e.g., acid—base balance, elec-
trolytes, metabolic, and bioumoral functions) were not
assessed; (3) the i-ER-based RCA uses non-selective
iERs. thus, even other electrolytes have been involved
in the extracorporeal treatment; in particular the vari-
ation in magnesium and phosphate concentrations reg-
istered within 2 h experiment may be easily overcome
by a custom-made titrated infusion; and (4) the study
addressed the extracorporeal citrate clearance, but to
assess the swine citrate clearance a control group with-
out extracorporeal citrate removal would have required.
Since the swine citrate clearance was not a primary aim
of the study, following the 3Rs principles (Replace-
ment, Reduction and Refinement), no control group
was employed; furthermore, considering the global
complexity of the experiment, we reduced the analy-
ses to a minimum, looking only for citrate in the blood
inside the extracorporeal circuit, before and after the
dialysis treatment, and in the arterial blood, no dosage
has been conducted inside the circuit, since we could
estimate the citrate removal by measuring ions which
were found to be simpler to dose by gas and electrolyte
analysis (5) The impact on cytokine concentrations was
not measured; thus no exploratory data are available on
the inflammatory or anti-inflammatory effects of iER-
based RCA; (6) The systemic use of heparin may have
influenced the coagulation results. Although the use of
KH-TEG helped mitigate this bias, other techniques
like platelet function assays (e.g., aggregometry) were
not evaluated; and (7) we only investigated the antico-
agulation of the extracorporeal circuit without incorpo-
rating any extracorporeal organ support. The impact of
the iER-based RCA on potential extracorporeal treat-
ments will require further evaluation. (8) The study
was designed with a fixed setup, assuming ideal condi-
tions of exchange of the resins; thus, no resin has been
changed, nor variation in flow. This proof of concept
study allowed us to obtain as much data as possible on
the efficiency of resins, finally providing fundamental
information to design a long-term study.
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Conclusion

This study demonstrates that iER-based RCA is a fea-
sible and effective technique for regional anticoagula-
tion of extracorporeal blood flow up to 500 mL/min
for 60 min without significant complications. However,
further studies are needed to evaluate the long-term
applications and effects on both the systemic system
and the extracorporeal circuit.

Abbreviations

a a Angle

BF Blood flow

ECCO,R  Extra corporeal CO, removal
HDF Hemodiafiltrate flow

iCa lonized calcium concentration
i-ER lon exchange resin

K Kinetics time

KH-TEG ~ Heparinase Kaolin Thromboelastography
Ly30 Clot lysis 30 min after MA

MA Maximum amplitude

ML Membrane lung

R Reaction time

RCA Regional citrate anticoagulation
TCa Total calcium concentration
UFH UnFractionated heparin

WF Waste flow

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540635-025-00771-7.

[ Additional file 1. }

Acknowledgements

The authors deeply thank Dr. Stefano Gatti (Ricerca Preclinica—Direzione
Scientifica, Fondazione IRCCS Ca’' Granda Ospedale Maggiore Policlinico, Via F.
Sforza 35,20122, Milan, Italy) for his irreplaceable and continuous help dem-
onstrated in these years of research together. The authors thank Mrs. Marina
Leonardelli (Dipartimento di Anestesia-Rianimazione ed Emergenza Urgenza,
Fondazione IRCCS Ca’Granda Ospedale Maggiore Policlinico, Via F. Sforza 35,
20122, Milan, Italy) and Mrs. Patrizia Minunno (Dipartimento di Anestesia-
Rianimazione ed Emergenza Urgenza, Fondazione IRCCS Ca’'Granda Ospedale
Maggiore Policlinico, Via F. Sforza 35, 20122, Milan, Italy) for their administrative
support. The authors thank Dr. Cristina Vercellati (Dipartimento Area Medica—
Ematologia, Fondazione IRCCS Ca'Granda Ospedale Maggiore Policlinico, Via F.
Sforza 35,20122, Milan, Italy) for her valuable support in the laboratory analy-
sis. The author thank the Italian Ministry of Education and Research—MUR
(‘Dipartimenti di Eccellenza’ Programme 2023-27—Dept. of Pathophysiology
and Transplantation, Universita degli Studi di Milano).

Author contributions

Conception and design: SMC, LV, MB, AP, and AZ. Data collection: SMC, LV, MB,
AG, CA, EC, ST, CV, DD, and AC. Analysis and interpretation: SMC, MB, VS, and
AZ. Drafting the manuscript: SMC, VS, and AZ. Final revision: All the authors. All
the authors have read and approved the manuscript.

Funding
This study was funded by Italian Ministry of Health — Current Research IRCCS;
Bando Interno Direzione Scientifica PR-0344; PRIN 2017—2017J4BE7A_003.

Availability of data and materials

Data were recorded on a local electronic worksheet. The data sets used and
analyzed during the current study are available from the corresponding
author upon reasonable request.

Page 11 of 13

Declarations

Ethics approval and consent to participate

This study was approved and conducted according to the Institutional Guide-
lines for the Care and Use of Laboratory Animals. The Italian Ministry of Health
approved the study (1178/2020-PR), and animals were treated according to
international recommendations.

Consent for publication
Not applicable.

Competing interests

Drs. Zanella and Pesenti are inventors of a patent related to this study; WO
2020/161647 A1. Prof. Grasselli received payment for lectures from Getinge.
The other authors declare that they have no competing interests.

Author details

'Department of Anesthesia, Critical Care and Emergency, Fondazione

IRCCS Ca’Granda Ospedale Maggiore Policlinico, Via Della Commenda 16,
20122 Milan, Italy. 2Department of Anaesthesia and Intensive Care, IRCCS Mul-
tiMedica San Giuseppe Hospital, Milan, Italy. 3Center for Preclinical Research,
Fondazione IRCCS Ca’'Granda Ospedale Maggiore Policlinico, Milan, Italy.
4Departmem‘[ of Biomedical, Surgical and Dental Sciences, University of Milan,
Milan, Italy. °Dipartimento Emergenza, Urgenza e Area Critica, ASST Papa
Giovanni XXIIl, Bergamo, Italy. °Department of Pathophysiology and Transplan-
tation, University of Milan, Milan, Italy. “Intensive Care Unit and Regional ECMO
Referral Center, Careggi University Hospital, Florence, Italy. 8Liver Transplant
and General Surgery Unit, Fondazione IRCCS Ca’' Granda Ospedale Maggiore
Policlinico, Milan, Italy. °Department of Medicine, Hematology-Fisiopatologia
Delle Anemia, Fondazione IRCCS Ca’'Granda Ospedale Maggiore Policlinico,
Milan, Italy.

Received: 4 February 2025 Accepted: 12 June 2025
Published online: 24 June 2025

References

1. McMichael ABV, Ryerson LM, Ratano D, Fan E, Faraoni D, Annich GM
(2022) 2021 ELSO adult and pediatric anticoagulation guidelines. ASAIO J
68(3):303-310. https://doi.org/10.1097/MAT.0000000000001652
Hong J, Larsson A, Ekdahl KN, Elgue G, Larsson R, Nilsson B (2001) Contact
between a polymer and whole blood: sequence of events leading to
thrombin generation. J Lab Clin Med 138(2):139-145. https://doi.org/10.
1067/mlc.2001.116486

3. Mutlak H, Reyher C, Meybohm P et al (2014) Multiple electrode
aggregometry for the assessment of acquired platelet dysfunctions dur-
ing extracorporeal circulation. Thorac Cardiovasc Surg 63(01):021-027.
https://doi.org/10.1055/5-0034-1383817

4. Rajsic S, Breitkopf R, Jadzic D, Popovic Krneta M, Tauber H, Treml B (2022)
Anticoagulation strategies during extracorporeal membrane oxygena-
tion: a narrative review. J Clin Med 11(17):5147. https://doi.org/10.3390/
jem11175147

5. Helms J, Frere C, Thiele T et al (2023) Anticoagulation in adult patients
supported with extracorporeal membrane oxygenation: guidance from
the scientific and standardization committees on perioperative and
critical care haemostasis and thrombosis of the International society on
thrombosis and haemostasis. J Thromb Haemost 21(2):373-396. https://
doi.org/10.1016/},jtha.2022.11.014

6. Martucci G, Giani M, Schmidt M et al (2024) Anticoagulation and bleed-
ing during veno-venous extracorporeal membrane oxygenation: insights
from the PROTECMO study. Am J Respir Crit Care Med 209(4):417-426.
https://doi.org/10.1164/rccm.202305-08960C

7. Thomas J, Kostousov V, Teruya J (2018) Bleeding and thrombotic com-
plications in the use of extracorporeal membrane oxygenation. Semin
Thromb Hemost 44(01):020-029. https://doi.org/10.1055/5-0037-1606179

8. Zhou Z, LiuC,YangY,Wang F, Zhang L, Fu P (2023) Anticoagulation
options for continuous renal replacement therapy in critically ill patients:
a systematic review and network meta-analysis of randomized controlled
trials. Crit Care 27(1):222. https://doi.org/10.1186/513054-023-04519-1


https://doi.org/10.1186/s40635-025-00771-7
https://doi.org/10.1186/s40635-025-00771-7
https://doi.org/10.1097/MAT.0000000000001652
https://doi.org/10.1067/mlc.2001.116486
https://doi.org/10.1067/mlc.2001.116486
https://doi.org/10.1055/s-0034-1383817
https://doi.org/10.3390/jcm11175147
https://doi.org/10.3390/jcm11175147
https://doi.org/10.1016/j.jtha.2022.11.014
https://doi.org/10.1016/j.jtha.2022.11.014
https://doi.org/10.1164/rccm.202305-0896OC
https://doi.org/10.1055/s-0037-1606179
https://doi.org/10.1186/s13054-023-04519-1

Colombo et al. Intensive Care Medicine Experimental

20.

21

22.

23.

24.

25.

26.

27.

28.

(2025) 13:64

Legrand M, Tolwani A (2021) Anticoagulation strategies in continuous
renal replacement therapy. Semin Dial 34(6):416-422. https://doi.org/10.
1111/5di.12959

Kindgen-Milles D, Brandenburger T, Dimski T (2018) Regional citrate
anticoagulation for continuous renal replacement therapy. Curr Opin Crit
Care 24(6):450-454. https://doi.org/10.1097/MCC.0000000000000547

. Monchi M (2017) Citrate pathophysiology and metabolism. Transfus

Apheres Sci 56(1):28-30. https://doi.org/10.1016/j.transci.2016.12.013
Trakarnvanich T, Sirivongrangson P, Trongtrakul K, Srisawat N (2022) The
effect of citrate in cardiovascular system and clot circuit in critically ill
patients requiring continuous renal replacement therapy. J Artif Organs.
https://doi.org/10.1007/510047-022-01329-0

Zarbock A, Killmar M, Kindgen-Milles D et al (2020) Effect of regional cit-
rate anticoagulation vs systemic heparin anticoagulation during continu-
ous kidney replacement therapy on dialysis filter life span and mortality
among critically ill patients with acute kidney injury. JAMA 324(16):1629.
https://doi.org/10.1001/jama.2020.18618

Kramer L, Bauer E, Joukhadar C et al (2003) Citrate pharmacokinetics and
metabolism in cirrhotic and noncirrhotic critically ill patients. Crit Care
Med 31(10):2450-2455. https://doi.org/10.1097/01.CCM.0000084871.
76568.E6

Zhang W, Bai M, Yu Y et al (2019) Safety and efficacy of regional citrate
anticoagulation for continuous renal replacement therapy in liver failure
patients: a systematic review and meta-analysis. Crit Care 23(1):22.
https://doi.org/10.1186/513054-019-2317-9

Boer W, Verbrugghe W, Hoste E, Jacobs R, Jorens PG (2023) Unapparent
systemic effects of regional anticoagulation with citrate in continu-

ous renal replacement therapy: a narrative review. Ann Intensive Care
13(1):16. https://doi.org/10.1186/513613-023-01113-0

Anstey CM, Venkatesh B (2022) A comparison of the commonly used sur-
rogate markers for citrate accumulation and toxicity during continuous
renal replacement therapy with regional citrate anticoagulation. Blood
Purif 51(12):997-1005. https://doi.org/10.1159/000524129

Boer W, Fivez T, Vander Laenen M et al (2021) Citrate dose for continuous
hemofiltration: effect on calcium and magnesium balance, parathor-
mone and vitamin D status, a randomized controlled trial. BMC Nephrol
22(1):409. https://doi.org/10.1186/512882-021-02598-2

Ng CJH, Poh CB, Koduri S et al (2021) Regional citrate anti-coagulation
dose titration: impact on dose of continuous renal replacement
therapy. Clin Exp Nephrol 25(9):963-969. https://doi.org/10.1007/
510157-021-02064-1

Koglberger P, Klein SJ, Lehner GF et al (2021) Low bicarbonate replace-
ment fluid normalizes metabolic alkalosis during continuous veno-
venous hemofiltration with regional citrate anticoagulation. Ann
Intensive Care 11(1):62. https://doi.org/10.1186/513613-021-00850-4
MaY, Chen F, Liu C et al (2020) A novel predictive score for citrate accu-
mulation among patients receiving artificial liver support system therapy
with regional citrate anticoagulation. Sci Rep 10(1):12861. https://doi.org/
10.1038/541598-020-69902-2

Schneider AG, Journois D, Rimmelé T (2017) Complications of regional
citrate anticoagulation: accumulation or overload? Crit Care 21(1):281.
https://doi.org/10.1186/513054-017-1880-1

Jonckheer J, Spapen H, Malbrain MLNG, Oschima T, De Waele E (2020)
Energy expenditure and caloric targets during continuous renal replace-
ment therapy under regional citrate anticoagulation. A viewpoint. Clin
Nutri 39(2):353-357. https://doi.org/10.1016/j.cInu.2019.02.034

Strobl K, Harm S, Fichtinger U, Schildbock C, Hartmann J (2021) Impact of
anion exchange adsorbents on regional citrate anticoagulation. Int J Artif
Org 44(3):149-155. https://doi.org/10.1177/0391398820947733

Meares P, Thain JF, Dawson DG (1972) Transport across ion-exchange
resin membranes: the frictional model of transport. Membranes (Basel).
1:55-124

Zanella A, ScaravilliV, Castagna L et al (2016) lon-exchange resin anti-
coagulation (I-ERA). Shock 46(3):304-311. https://doi.org/10.1097/SHK.
0000000000000597

Percie du Sert N, Hurst V, Ahluwalia A et al (2020) The ARRIVE guidelines
20: updated guidelines for reporting animal research. BMC Vet Res
16(1):242. https://doi.org/10.1186/512917-020-02451-y

Florio G, Valsecchi C, Vivona L et al (2023) Enhanced extracorporeal
carbon dioxide removal by acidification and metabolic control. Miner
Anestesiol. https://doi.org/10.23736/50375-9393.23.17142-2

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 12 of 13

Zanella A, Pesenti A, Busana M et al (2022) A minimally invasive and
highly effective extracorporeal CO2 removal device combined with a
continuous renal replacement therapy. Crit Care Med 50(5):e468-e476.
https://doi.org/10.1097/CCM.0000000000005428

Zanella A, Castagna L, Salerno D et al (2015) Respiratory electrodialysis.
A novel, highly efficient extracorporeal CO2 removal technique. Am

J Respir Crit Care Med 192(6):719-726. https://doi.org/10.1164/rccm.
201502-02890C

Kozek-Langenecker SA (1999) Anticoagulation with prostaglandins dur-
ing extracorporeal circulation. Wien Klin Wochenschr 111(4):129-140
van der Voort PHJ, Gerritsen RT, Kuiper MA, Egbers PHM, Kingma WP,
Boerma EC (2005) Filter run time in CVVH: pre- versus post-dilution and
nadroparin versus regional heparin-protamine anticoagulation. Blood
Purif 23(3):175-180. https://doi.org/10.1159/000083938

Prat NJ, Meyer AD, Langer T et al (2015) Low-dose heparin anticoagula-
tion during extracorporeal life support for acute respiratory distress
syndrome in conscious sheep. Shock 44(6):560-568. https://doi.org/10.
1097/SHK.0000000000000459

Larsson M, Rayzman V, Nolte MW et al (2014) A factor Xlla inhibitory anti-
body provides thromboprotection in extracorporeal circulation without
increasing bleeding risk. Sci Transl Med. https://doi.org/10.1126/scitr
anslmed.3006804

Schilder L, Nurmohamed SA, Bosch FH et al (2014) Citrate anticoagula-
tion versus systemic heparinisation in continuous venovenous hemo-
filtration in critically ill patients with acute kidney injury: a multi-center
randomized clinical trial. Crit Care 18(4):472. https://doi.org/10.1186/
$13054-014-0472-6

Varga-Szabo D, Braun A, Nieswandt B (2009) Calcium signaling in plate-
lets. J Thromb Haemost 7(7):1057-1066. https://doi.org/10.1111/j.1538-
7836.2009.03455.x

James MFM, Roche AM (2004) Dose-response relationship between
plasma ionized calcium concentration and thrombelastography. J Cardio-
thorac Vasc Anesth 18(5):581-586. https://doi.org/10.1053/j.jvca.2004.07.
016

Hartmann J, Strobl K, Fichtinger U, Schildbéck C, Falkenhagen D (2012)
In vitro investigations of citrate clearance with different dialysis filters. Int
J Artif Organs 35(5):352-359. https://doi.org/10.5301/ijao.5000098

Bi X, Zhang Q, Zhuang F, Ding F (2022) A mathematical estimation for
quantified calcium supplementation during intermittent hemodialysis
using regional citrate anticoagulation. Artif Organs 46(6):1122-1131.
https://doi.org/10.1111/aor.14164

Forsal I, Nilsson A, Bodelsson M, Wieslander A, Broman M (2021) Math-
ematical modelling of post-filter ionized calcium during citrate antico-
agulated continuous renal replacement therapy. PLoS ONE 16(2):247477.
https://doi.org/10.1371/journal.pone.0247477

Hollriegl Vv, Barkleit A, Spielmann V, Li WB (2020) Measurement, model
prediction and uncertainty quantification of plasma clearance of cerium
citrate in humans. Radiat Environ Biophys 59(1):121-130. https://doi.org/
10.1007/500411-019-00823-z

Morabito S, Pistolesi V, Tritapepe L et al (2013) Regional citrate antico-
agulation in CVVH: a new protocol combining citrate solution with a
phosphate-containing replacement fluid. Hemodial Int 17(2):313-320.
https://doi.org/10.1111/j.1542-4758.2012.00730.x

Nalesso F, Bettin E, Bogo M et al (2023) Safety of citrate anticoagulation in
CKRT: monocentric experience of a dynamic protocol of calcium moni-
toring. J Clin Med 12(16):5201. https://doi.org/10.3390/jcm 12165201
Rogers AR, Jenkins B (2021) Calorie provision from citrate anticoagulation
in continuous renal replacement therapy in critical care. J Intensive Care
Soc 22(3):183-186. https://doi.org/10.1177/1751143720937451

Na HS, Chung YH, Hwang JW, Do SH (2012) Effects of magnesium sul-
phate on postoperative coagulation, measured by rotational thromboe-
lastometry (ROTEM®)*, Anaesthesia 67(8):862-869. https://doi.org/10.
1111/j.1365-2044.2012.07149.x

Connelly-Smith L, Alquist CR, Aqui NA et al (2023) Guidelines on the use
of therapeutic apheresis in clinical practice—evidence-based approach
from the writing committee of the American society for apheresis: the
ninth special issue. J Clin Apher 38(2):77-278. https://doi.org/10.1002/jca.
22043

Leckie P, Davenport A, Jalan R (2012) Extracorporeal liver support. Blood
Purif 34(2):158-163. https://doi.org/10.1159/000342065


https://doi.org/10.1111/sdi.12959
https://doi.org/10.1111/sdi.12959
https://doi.org/10.1097/MCC.0000000000000547
https://doi.org/10.1016/j.transci.2016.12.013
https://doi.org/10.1007/s10047-022-01329-0
https://doi.org/10.1001/jama.2020.18618
https://doi.org/10.1097/01.CCM.0000084871.76568.E6
https://doi.org/10.1097/01.CCM.0000084871.76568.E6
https://doi.org/10.1186/s13054-019-2317-9
https://doi.org/10.1186/s13613-023-01113-0
https://doi.org/10.1159/000524129
https://doi.org/10.1186/s12882-021-02598-2
https://doi.org/10.1007/s10157-021-02064-1
https://doi.org/10.1007/s10157-021-02064-1
https://doi.org/10.1186/s13613-021-00850-4
https://doi.org/10.1038/s41598-020-69902-2
https://doi.org/10.1038/s41598-020-69902-2
https://doi.org/10.1186/s13054-017-1880-1
https://doi.org/10.1016/j.clnu.2019.02.034
https://doi.org/10.1177/0391398820947733
https://doi.org/10.1097/SHK.0000000000000597
https://doi.org/10.1097/SHK.0000000000000597
https://doi.org/10.1186/s12917-020-02451-y
https://doi.org/10.23736/S0375-9393.23.17142-2
https://doi.org/10.1097/CCM.0000000000005428
https://doi.org/10.1164/rccm.201502-0289OC
https://doi.org/10.1164/rccm.201502-0289OC
https://doi.org/10.1159/000083938
https://doi.org/10.1097/SHK.0000000000000459
https://doi.org/10.1097/SHK.0000000000000459
https://doi.org/10.1126/scitranslmed.3006804
https://doi.org/10.1126/scitranslmed.3006804
https://doi.org/10.1186/s13054-014-0472-6
https://doi.org/10.1186/s13054-014-0472-6
https://doi.org/10.1111/j.1538-7836.2009.03455.x
https://doi.org/10.1111/j.1538-7836.2009.03455.x
https://doi.org/10.1053/j.jvca.2004.07.016
https://doi.org/10.1053/j.jvca.2004.07.016
https://doi.org/10.5301/ijao.5000098
https://doi.org/10.1111/aor.14164
https://doi.org/10.1371/journal.pone.0247477
https://doi.org/10.1007/s00411-019-00823-z
https://doi.org/10.1007/s00411-019-00823-z
https://doi.org/10.1111/j.1542-4758.2012.00730.x
https://doi.org/10.3390/jcm12165201
https://doi.org/10.1177/1751143720937451
https://doi.org/10.1111/j.1365-2044.2012.07149.x
https://doi.org/10.1111/j.1365-2044.2012.07149.x
https://doi.org/10.1002/jca.22043
https://doi.org/10.1002/jca.22043
https://doi.org/10.1159/000342065

Colombo et al. Intensive Care Medicine Experimental (2025) 13:64

48. McNamee JJ, Gillies MA, Barrett NA et al (2021) Effect of lower tidal
volume ventilation facilitated by extracorporeal carbon dioxide removal
vs standard care ventilation on 90-day mortality in patients with acute
hypoxemic respiratory failure. JAMA 326(11):1013. https://doi.org/10.
1001/jama.2021.13374

49. Sondeen JL, de Guzman R, Amy Polykratis | et al (2013) Comparison
between human and porcine thromboelastograph parameters in
response to ex-vivo changes to platelets, plasma, and red blood cells.
Blood Coag Fibrinol 24(8):818-829. https://doi.org/10.1097/MBC.0b013
3283646600

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13


https://doi.org/10.1001/jama.2021.13374
https://doi.org/10.1001/jama.2021.13374
https://doi.org/10.1097/MBC.0b013e3283646600
https://doi.org/10.1097/MBC.0b013e3283646600

	Citrate regional anticoagulation of 500 mlmin of extracorporeal blood flow: an experimental study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Animal care and ethical approval
	Animal preparation and management
	Extracorporeal circuit
	Ion exchange preparation
	Experimental design and measurements
	Statistical analysis

	Results
	Regional anticoagulation
	Electrolytes and acid–base balance
	Systemic safety

	Discussion
	Conclusion
	Acknowledgements
	References


