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Abstract

Objective To evaluate the safety and effectiveness of an individualized regional citrate anticoagulation (RCA) protocol for
hemodialysis.

Methods In this single-center, retrospective study, blood coagulation in the extracorporeal circulation, adverse reactions,
in vivo ionized calcium (iCa**) concentrations, and the infusion dose of citrate during RCA in hemodialysis were observed
in 98 patients from February 2021 to March 2022.

Results A total of 98 patients underwent RCA during hemodialysis 362 times, and blood coagulation occurred in the extra-
corporeal circulation 29 times. Among the 29 cases of coagulation, most of the patients exhibited hypercoagulability, and
among approximately 80% of the treatments, the deviation between the actual infusion rate of citrate in the extracorporeal
circulation and the theoretical value was + 10%. After hemodialysis, pH values and bicarbonate ion (HCO;™) levels were
clearly improved, and online conductivity monitoring (OCM) values and blood coagulation scores in the extracorporeal
circulation were identical to those measured in similar studies.

Conclusion An individualized RCA protocol for hemodialysis is safe, effective, simple, and inexpensive and can meet the

needs of individualized treatment; therefore, its application is worthy of promotion.

Keywords RCA - Hemodialysis - Individualized - Retrospective study

Introduction

The utilization of RCA technology during hemodialysis
was first reported by Morita in 1961 [1]. This technology
is highly effective for anticoagulation without affecting the
whole blood coagulation state, and its superiority is reflected
in its anti-inflammatory role and improved biocompatibility
with dialyzers. However, the lack of standardized protocols,
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challenges in achieving individualized treatment, operational
complexity, and high costs have hampered the wider appli-
cation of this technology in clinical treatment. Previously,
a single-center, prospective, randomized controlled clini-
cal study conducted in our center [2] proposed and verified
an individualized protocol of RCA for hemodialysis, and
this protocol has since been routinely used in our center.
In this study, the clinical data of patients undergoing RCA
for hemodialysis from February 2021 to March 2022 were
reviewed.

Methods
Research design and objects

In this single-center, retrospective clinical study, patients
who underwent RCA for hemodialysis in our center from
February 2021 to March 2022 were enrolled and routinely
treated with an individualized RCA protocol for hemodialy-
sis [2]. Doctors could adjust this regional anticoagulation
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protocol based on conventional treatment considering spe-
cific clinical conditions. In addition, they chose hemodi-
alysis equipment, consumables, and vascular access and
set hemodialysis parameters according to clinical needs.
The inclusion criteria were as follows: (1) patients who
underwent hemodialysis and (2) those who received RCA
for active bleeding or highly suspected bleeding and other
situations. The exclusion criteria were (1) severe liver func-
tion damage, with total bilirubin (TBIL)> 60 pmol/L; (2)
uncorrectable hygienic bubble trapping, with blood pressure
(BP) <90/60 mmHg; (3) hypoxemia, with a partial pressure
of oxygen (PO,) <60 mmHg; or (4) lactic acidosis, with
lactic acid (Lac) >3 mmol/L. The catheter was sealed with
heparin sodium after dialysis. This study was approved by
the Ethics Committee of our hospital (Court Judgment No.
2022.08).

Equipment and materials

The equipment and materials used in this study included
the following: Fresenius 4008S Hemodialysis Machine (Fre-
senius Medical Care, Bad Homburg, Germany); Gambro
AK96 Hemodialysis Machine (Gambro Lundia AB, Lund,
Sweden); Wesley W-T2008-B Hemodialysis Machine (Wes-
ley Biotech, Chengdu, China); Fresenius Hemoflow F6HPS
Low-Flux Dialyzer with a surface area of 1.3 m? and Fre-
senius FX80 High-Flux Dialyzer with a surface area 1.8 m?
(Fresenius Medical Care, Frankfurter, Germany); Delang
B-16H, B-18H, and B-20H High-Flux Dialyzers with surface
areas of 1.6 m?, 1.8 m?, and 2.0 m?, respectively [Bain Medi-
cal Equipment (Guangzhou) Co., Ltd., Guangzhou, China];
Sanxin SM-160H, SM-180H, and SM-200H High-Flux
Dialyzers with surface areas of 1.6 m?, 1.8 m2, and 2.0 m?,
respectively (Jiangxi Sanxin Medtec Co., Ltd., Nanchang,
China); SXG-Y-A/B dialysate with 137 mmol/L sodium ion
(Na™), 2.0 mmol/L potassium ion (K*), 1.5 mmol/L calcium
ion (Ca®*), 0.5 mmol/L magnesium ion (Mg?"), 108 mmol/L
chlorine ion (C17), 31 mmol/L bicarbonate ion (HCO;"),
and 4.0 mmol/L acetate ion (CH;COO™) (Jiangxi Sanxin
Medtec Co., Ltd., Nanchang, China); 4% trisodium citrate
(an anticoagulant, Chengdu Qinshan Likang Pharmaceutical
Co., Ltd., Chengdu, China); and a Werfen GEM4000 Blood
Gas Analyzer (Werfen Group, Barcelona, Spain).

RCA protocol

Per the individualized protocol for RCA [2], the required
citrate infusion rate was calculated according to the systemic
ionized calcium (iCa®*) concentration and blood flow veloc-
ity at the beginning of hemodialysis and at 1 h after hemo-
dialysis initiation. Four-fifth was infused from the arterial
segment of the extracorporeal circulation and one-fifth from
the venous bubble trap on the extracorporeal circulation.
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Laboratory inspection items

Blood samples were collected from the patients at the begin-
ning of hemodialysis and at 1 h after hemodialysis began,
and systemic iCa®*, HCO;™, and pH were detected using a
blood gas analyzer. The analyzed items and times could be
increased in light of specific clinical conditions.

Blood sampling methods

Blood sampling method at the beginning of hemodialysis:
blood samples were collected from the internal fistula of
patients who had been successfully punctured using an inter-
nal fistula needle without preflushing with normal saline.
For patients who underwent central venous catheter place-
ment, 20 mL of blood was extracted for blood sampling after
the tube-sealing liquid in the catheter was drawn out. Blood
sampling method during hemodialysis: at 3 min after ter-
mination of the infusion of trisodium citrate solution at the
arterial end and the venous bubble trap, blood was sampled
at the arterial blood collection point of the extracorporeal
circulation. Blood sampling method at the end of hemo-
dialysis: at the end of hemodialysis, the infusion of triso-
dium citrate solution was terminated, the dialysate bypass
was closed, ultrafiltration was stopped, and blood samples
were collected from the arterial blood collection point of the
extracorporeal circulation 3 min later.

Evaluation of the effectiveness of anticoagulation

After hemodialysis, the semiquantitative method [3] was
adopted by the hemodialysis nurse to evaluate the blood
coagulation in the filter, arterial bubble trap, and venous
bubble trap. A higher score indicated more effective anti-
coagulation. The scoring method for blood coagulation in
the arterial and venous bubble traps was as follows: five
points—no visible blood coagulation; four points—fibrin
formation during coagulation; three points—formation of
small blood clots (<2 mL); two points—formation of large
blood clots (>2 mL); and one point—complete blood coagu-
lation in the bubble traps. The scoring method for blood
coagulation in the filter was as follows: five points— <20
coagulated fibers; four points—20—50 coagulated fibers;
three points—51—100 coagulated fibers; two points— > 100
coagulated fibers; and one point— >20% coagulated fibers.

The definition and evaluation of circuit clotting

Our definition of clotting is that cardiopulmonary bypass
cannot continue, and treatment needs to be interrupted.
The main evaluation indicators were dialyzer coagulation
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consisting of three or more events and a continuous cross-
molding pressure of more than 350 mmHg, as well as an
assessment by the two senior nurses that the treatment could
not continue.

Statistical methods

Statistical analysis was conducted using SPSS 24.0 software
(IBM Inc., NC, USA), and measurement data are expressed
as the mean + standard deviation. The means of normally
distributed data were compared between two groups by the
independent samples ¢ test, while the means of data without
a normal distribution were compared by the Mann—Whit-
ney U test. In addition, comparisons among multiple groups
were performed by one-way analysis of variance, and intra-
group comparisons were carried out by the least significant
difference (LSD) test. Count data are expressed as the fre-
quency distribution and corresponding percentage, and per-
centages were compared using the Chi-square test. Fisher's
exact test was used if the Chi-square test conditions were
not met. Moreover, the influences of multiple variables on
coagulation in the extracorporeal circulation were examined
via binary logistic regression analysis. P <0.05 represented
a statistically significant difference.

Results

The 98 enrolled patients received RCA a total of 362 times.
All patients received at least 1 administration, and the maxi-
mum number of administrations was 42, with an average of
3.69. These patients were aged 23—87 years, with an average
age of 56.78 +14.92 years. They underwent RCA mainly for
active bleeding, highly suspected bleeding, trauma, recent
surgery, idiopathic thrombocytopenia, and heparin-induced
thrombocytopenia (HIT). Their demographic information
and clinical features are shown in Table 1.

Among the 362 RCA administrations, blood coagulation
in the extracorporeal circulation occurred 29 times, with an
incidence of 8%. During RCA, lip numbness appeared in two
cases and was relieved after terminating RCA in one case
and after reducing the infusion dose of citrate in the other
case. Moreover, the systemic iCa?* in one case was lower
than 0.85 mmol/L at 1 h after hemodialysis and increased
after intravenous infusion of 10 mL of 10% calcium glu-
conate. One case developed hypotension and was relieved
after reducing ultrafiltration. All treatments were divided
into two groups according to the occurrence of extracorpor-
eal circulation coagulation. The clinical characteristics of
the two groups are shown in Table 2. Binary logistic regres-
sion analysis was conducted on the possible factors affecting
coagulation in the extracorporeal circulation, and the results
are shown in Table 3.

Comparison revealed that the actual infusion rate of cit-
rate in nearly 80% of the patients deviated from the theoreti-
cal infusion rate within + 10% (Table 4). Blood coagulation
in most patients with a deviation greater than + 10% was
affected by clinical factors influencing the blood coagulation
state, such as HIT, severe hypoproteinemia, tumors, severe
infection, and long-term bed rest. Eighty-two of 83 treat-
ments with deviations greater than +20% were associated
with clinical factors affecting coagulation status, and 64 of
69 treatments with deviations <-20% and <-10% or 10%
and <20% were associated with clinical factors affecting
coagulation status.

Discussion

In contrast to heparin anticoagulation, RCA has no influence
on systemic coagulation function and can prevent inflam-
mation and enhance filter biocompatibility [4, 5]. Conse-
quently, RCA has become the optimal method of anticoagu-
lation in continuous renal replacement therapy (CRRT) [6].
Although RCA is also conducive to hemodialysis patients, it
is adopted only for a small number of hemodialysis patients
with active bleeding or highly suspected bleeding. Its routine
use in hemodialysis patients is mainly limited by operational
complexity, the lack of standardized protocols, challenges in
achieving individualized treatment, and the high cost.
During RCA, systemic iCa* is the primary factor influ-
encing effectiveness and safety, and previous studies have
shown that systemic iCa>* is stable in this process [2].
After treatment, systemic iCa>* increased compared with
that before treatment (Table 1), which was caused by the
higher rate of citrate infusion in some patients, a more
obvious decrease in systemic iCa®*, and greater calcium
diffusion from the dialysate into blood. As hemodialysis
has a strong small-molecule solute exchange capacity, the
fluctuation range of systemic iCa’>" gradually decreases
and tends toward a steady state with treatment progres-
sion. Table 1 shows that the fluctuation range of systemic
iCa®* gradually decreases with increasing treatment time.
Citrate removal during hemodialysis is mainly achieved
by two procedures, namely, in vivo metabolism and fil-
ters. Reportedly, 2 h is required for citrate metabolism to
plateau in critically ill patients treated with CRRT [7]. In
this study, only noncritically ill patients were included,
and the removal rate of citrate by in vivo metabolism in
noncritically ill patients was higher than that in critically
ill patients. Hemodialysis performs better than CRRT in
citrate removal [8], resulting in speculation that approxi-
mately 1 h is required for the citrate concentration to sta-
bilize in vivo. As systemic iCa®* is basically stable during
RCA in hemodialysis and citrate metabolism in vivo also
becomes stable at approximately 1 h, measuring systemic
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Table 1 Demographic information and clinical characteristics

Items

Number of cases
Male/female (n=98)
Age (years) (n=98)
Number of treatments
Type of vascular access (n=362)

AVF

Internal jugular vein catheter

Femoral vein catheter

Catheter with a cuff

Other
Type of dialyzer (n=362)

F6HPS

SM-160H

SM-180H

SM-200H

B-16H

B-18H

B-20H

FX80
Blood flow velocity (mL/min) (n=362)
Hb (g/dL) (n=362)
HCT (%) (n=362)
Systemic Ca”* at hemodialysis initiation (mmol/L) (n=362)
Systemic Ca®* at 1 h after hemodialysis initiation (mmol/L) (n=362)
Systemic Ca** after hemodialysis (mmol/L) (n=153)
Comparison of the mean systemic Ca>* values at three time points
pH value at hemodialysis initiation (n=362)
pH value at 1 h after hemodialysis initiation (n=362)
pH value after hemodialysis (n=152)
Comparison of the mean pH values at three time points
HCO;™ value at hemodialysis initiation (n=360)
HCO;™ value at 1 h after hemodialysis initiation (n=360)
HCO;™ value after hemodialysis (n=153)
Comparison of the mean HCO;™ values at three time points
Citrate infusion rate at hemodialysis initiation (mL/h) (n=362)

98

59/39

56.78 +14.92 (23-87)
362

211 (58.4%)
72 (19.9%)
53 (14.7%)
23 (6.4%)

2 (0.6%)

115 (31.8%)

94 (26.0%)

61 (16.9%)

3(0.8%)

57 (15.7%)

17 (4.7%)

11 (3.0%)

4(1.1%)

190.58 +22.04 (144-250)
8.27+1.87 (3-19)
23.16+6.02 (15-42)
1.10+0.13 (0.80-1.70)
1.11+0.09 (0.82-1.44)
1.15+0.08 (0.92-1.41)
F=10.672 (P<0.01)
7.36+0.06 (7.11-7.56)
7.41+0.06 (7.10-7.56)
7.45+0.07 (7.24-7.70)
F=62.304 (P<0.01)
22.28+3.38 (10.8-31.2)
24.54+2.61 (11.3-30.2)
26.24+1.89 (21.2-31.3)
F=116.6 (P<0.01)
253.49+28.98 (160-330)

Citrate infusion rate at 1 h after hemodialysis initiation (mL/h) (n=362) 254.49+29.13 (160-330)
Actual value of the citrate infusion rate minus the theoretical value at hemodialysis initiation (mL/h) (n=362) 17.85+35.76 (-82.55-149.97)

Actual value of the citrate infusion rate minus the theoretical value at 1 h after hemodialysis initiation (mL/h) 18.40+36.32 (-83.26-142.11)
(n=362)

Coagulation score for the filter (n=359) 3.77+1.08 (1-5)
Coagulation score for the arterial bubble trap (n=360) 4.27+0.91 (1-5)
Coagulation score for the venous bubble trap (n=360) 3.48+1.10 (1-5)
Citrate concentration at hemodialysis initiation (mmol/L) (n=362) 3.05+0.51 (1.81-4.99)
Citrate concentration at 1 h after hemodialysis initiation (mmol/L) (n=362) 3.06+0.52 (1.81-4.84)
OCM (n=192) 1.06+£0.24 (0.54-1.64)
Duration of hemodialysis (min) (n=362) 229.05+27.52 (30-336)
Ultrafiltration volume (L) (n=362) 2.06+0.94 (0.00-4.00)
Coagulation times in the extracorporeal circulation 29 (8.0%)
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Table 2 Comparison of the main clinical features between the coagulation group and the non-coagulation group
Items Coagulation group  Non-coagulation group 7 value P value
n=29 n=333
Age (years) 60.31+17.05 57.3+14.12 — 1.084 0.279
HCT at hemodialysis initiation 23.97+7.23 23.09+5.91 -0.753 0.452
HCT after hemodialysis 24.83+5.95 24.44+593 —0.157 0.875
HCT difference before and after hemodialysis 2.33+1.51 1.99+3.93 —0.21 0.834
Systemic iCa®* at hemodialysis initiation (mmol/L) 1.11+0.11 1.10+£0.13 —0.241 0.831
Coagulation score for the filter 293+1.12 3.84+1.04 4398 <0.001
Coagulation score for the arterial bubble trap 3.90+0.90 4.30+0.91 2.309 0.022
Coagulation score for the venous bubble trap 2.03+1.05 3.61+1.01 8.033  <0.001
Ultrafiltration volume (L) 1.34+0.84 2.12+0.93 4304 <0.001
Ultrafiltration rate (L/h) 0.47+0.41 0.55+0.24 —1.645 0.101
Blood flow velocity (mL/min) 181.3+20.31 191.3+22.03 2.359 0.019
Whole blood citrate concentration in the extracorporeal circulation at 3.33+0.71 3.03+0.48 —3.106 0.002
hemodialysis initiation (mmol/L)
Whole blood citrate concentration in the extracorporeal circulation at 1 h 3.36+0.71 3.04+0.49 —3.309 0.001
after hemodialysis initiation (mmol/L)

Venous pressure at 1 h after hemodialysis initiation (mmHg) 59.86+38.45 62.99+24.81 0.619 0.537
Venous pressure at 2 h after hemodialysis initiation (mmHg) 60.62+37.23 62.72+25.31 0.606 0.545
Venous pressure at 3 h after hemodialysis initiation (mmHg) 79.00+46.85 68.63+47.21 —1.134 0.257
Venous pressure at 4 h after hemodialysis initiation (mmHg) 105.95+72.40 70.10+32.77 —4.19 <0.001
TMP at 1 h after hemodialysis initiation (mmHg) 16.28 +38.39 22.48+41.48 0.777 0.437
TMP at 2 h after hemodialysis initiation (mmHg) 18.76 +42.73 24.10+44.03 0.628 0.531
TMP at 3 h after hemodialysis initiation (mmHg) 17.07 +£54.80 25.52+46.78 0.905 0.366
TMP at 4 h after hemodialysis initiation (mmHg) 25.81+88.10 21.96+49.11 —0.326 0.748
Venous pressure difference at 1-2 h after hemodialysis initiation (mmHg) 0.76 £37.04 0.66+9.64 —0.036 0.972
Venous pressure difference at 2-3 h after hemodialysis initiation (mmHg) 18.38 +48.64 5.16 £40.40 — 1.66 0.098
Venous pressure difference at 3—4 h after hemodialysis initiation (mmHg) 46+65.01 0.82+45.59 —-4.073 <0.001
TMP difference at 1-2 h after hemodialysis initiation (mmHg) 2.48+13.78 1.42+14.49 —-0.373 0.709
TMP difference at 2-3 h after hemodialysis initiation (mmHg) 0.79 £24.82 1.59+13.87 0.271 0.786
TMP difference at 3—4 h after hemodialysis initiation (mmHg) 15.95+85.16 —-024+11.24 —3.008 0.003
Tab.Ie.3 Result§ of the biljnary Factor B value P value Exp (B)
logistic regression analysis of
factors affecting coagulation in AVF (yes/no) —1.818 0.001 6.162
the extracorporeal circulation Low-flux dialyzer (yes/no) ~1.988 0.004 0.137

Systemic iCa®* at hemodialysis initiation (mmol/L) 1.178 0.477 3.247

(mmol)

Whole blood citrate concentration in the extracorporeal -5.729 0.045 0.003

circulation at hemodialysis initiation (mmol/L)
Whole blood citrate concentration in the extracorporeal 5.544 0.050 255.64
circulation at 1 h after hemodialysis initiation (mmol/L)
Ultrafiltration rate (L/h) —0.964 0.188 0.381
Blood flow velocity (mL/min) -0.016 0.815 0.903

iCa®* at the beginning of hemodialysis and at 1 h after
hemodialysis initiation can guarantee the safety of RCA. In
this study, hypocalcemia occurred only in 3 of 362 admin-
istrations. After hemodialysis, blood pH and HCO;~ were

markedly improved (Table 1), with no evident acid—base

imbalance, which indicated the safety of the protocol.
Calcium in blood consists of iCa**, protein-bound cal-

cium, and chelated calcium; iCa>* has biological activity
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Table 4 Deviation between the actual and theoretical infusion rates of citrate

Percentage deviation between the actual At hemodialysis Percentage of the total num- 1 h after hemodi- Percentage of the total

and theoretical citrate infusion rates initiation ber of treated cases (%) alysis initiation number of treated cases
(%)

<-10% and < 10% 287 79.28 285 78.73

<-20% and <-10% or 10% < and <20% 35 9.67 34 9.39

<-20% or>20% 40 11.05 43 11.88

Total 362 100 362 100

[9] and is needed during coagulation [10]. The principle
of RCA is that citrate chelates iCa>* in blood in the extra-
corporeal circulation to reduce its concentration and inhibit
blood coagulation. The effectiveness of RCA can be affected
by many factors, which are dominated by blood flow velocity
and systemic iCa". In the traditional protocol of RCA for
hemodialysis, the blood flow velocity is kept constant, and
an empirical citrate infusion rate is set based on this veloc-
ity regardless of the influence of the systemic iCa** on the
effectiveness of anticoagulation. When the concentration of
systemic iCa* is lower or higher, a relatively large dose of
citrate may lead to hypocalcemia, or a relatively small dose
of citrate may result in coagulation in the extracorporeal
circulation. Continuously monitoring systemic iCa>* and
iCa*" in the dialyzer can clearly address this problem, but
this process is complex and increases the cost accordingly. In
some hemodialysis centers, systemic iCa** is not monitored
at all, and the safety and effectiveness of RCA are ensured
based on experience, which can be highly risky. Accord-
ing to the linear relationship between the concentration of
citrate in whole blood in the extracorporeal circulation and
systemic iCa”*, two parameters, blood flow velocity and sys-
temic iCa®*, were included in this protocol to more accu-
rately set the dose of citrate to determine the infusion rate of
citrate. At 1 h after hemodialysis initiation, the effectiveness
of anticoagulation could be adequately ensured by revising
the citrate infusion rate according to the blood flow velocity
and the systemic iCa", and the iCa®* in the dialyzer was not
detected. Blood coagulation occurred in the extracorporeal
circulation in 29 of 362 administrations, corresponding to
an incidence rate of 8%, which is close to the results of Lin
et al. [11]. The coagulation score of each segment of the
extracorporeal circulation circuit approaches was obtained
in our previous research [2]. The scores of the coagulation
group were all lower than those of the non-coagulation
group (Table 2). The venous pot scored the lowest, due to
the fact that the blood with low ionic calcium content che-
lated by citrate was passed through the dialyzer, calcium
ions in the dialysate were added to the blood through the
dialyzer, and the blood ionic calcium levels in the venous pot
were restored. At the fourth hour of treatment, the changes
in venous pressure and transmembrane pressure (TMP)
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in the coagulation group were significantly higher than
those in the non-coagulation group, suggesting that more
attention should be directed toward the changes in venous
pressure and transmembrane pressure in the treatment pro-
cess, especially in the later stage of treatment (Table 2).
The adequacy of dialysis examined by online conductiv-
ity monitoring (OCM) can also indirectly reflect the effec-
tiveness of anticoagulation. In this study, the OCM value
was 1.06 +£0.24 (Table 1), which is close to the value of
1.02+0.15 measured by Khalid Al Saran et al. [12]. These
results all demonstrated that this protocol exhibited a good
anticoagulation effect with a simple operation and low cost.
Binary logistic regression analysis was conducted on factors
that may affect coagulation in the extracorporeal circulation,
and vascular access, dialyzer performance, and the whole
blood citrate concentration in the extracorporeal circulation
were found to be correlated, while no correlation was found
between systemic iCa%*, ultrafiltration velocity, and blood
flow velocity at the beginning of treatment (Table 3). Thus,
the individualized RCA protocol can correct the influence of
systemic iCa>* and different blood flow velocities on coagu-
lation in the extracorporeal circulation, and an individual-
ized infusion dose of citrate can ensure that the whole blood
citrate concentration in the extracorporeal circulation is in an
appropriate range. Additionally, some non-anticoagulant fac-
tors can affect the occurrence of coagulation in the extracor-
poreal circulation. Compared with central venous catheter
use, arteriovenous fistula use is less prone to coagulation,
and the central venous catheter is more prone to poor blood
flow and machine stop-pump alarms, increasing the prob-
ability of coagulation in the extracorporeal circulation [13].
The low-flux dialyzer had a lower scavenging capacity for
citrate than the high-flux dialyzer, and the citrate concentra-
tions in the dialyzer and venous bubble traps were relatively
higher and the clotting rate was lower. Blood flow veloc-
ity is not a predictor because the calcium ions in the blood
can better chelate with citrate to reduce the risk of clotting;
however, the slow blood flow velocity itself is prone to clot-
ting, and the two effects cancel each other, so the blood flow
velocity cannot predict the occurrence of clotting.
Calatzis et al. [14] studied the influences of the
whole blood citrate concentration on the iCa>" level and
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coagulation function and found that the anticoagulation
effect can be satisfactory when the whole blood citrate con-
centration is within the range of 2.26-3.39 mmol/L. The
average whole blood citrate concentration in the extracor-
poreal circulation in this study is consistent with the results
of Calatzis et al. (Table 1). Citrate cannot pass through the
erythrocyte membrane [15]. Generally, the plasma citrate
concentration is more valuable than the whole blood citrate
concentration in RCA. The specific volume of hemoglobin
was not included in the linear formula in the protocol used
in this study because when the citrate infusion dose is con-
stant, patients with a larger volume of hemoglobin have a
lower plasma content and higher plasma citrate concentra-
tion. In these patients, the blood is more concentrated and
prone to coagulation, which counteracts the effect of a high
plasma citrate concentration to some extent. Hemodialysis
requires less time than CRRT, and the requirement for the
accuracy of the citrate infusion dose is also lower than that
of CRRT. In addition, because the specific volume of hemo-
globin is not tested, the operation is simplified, and the cost
is reduced. No difference in hematocrit (HCT) changes was
observed between the coagulation group and the non-coag-
ulation group before and after treatment (Table 2), indicat-
ing that blood concentration under the individualized RCA
protocol has little influence on coagulation. Regarding actual
effectiveness, the deviation of the actual infusion rate of
citrate from the theoretical rate was within + 10% in nearly
80% of the treatments (Table 4), revealing the good appli-
cability of this protocol. The deviation in this part is mainly
because the rate of citrate infusion is set as an integer close
to the theoretical value for convenience in clinical practice.
In addition, the accuracy of infusion pumps and connect-
ing pipes is not sufficient, and the problem of mismatching
also has an impact and needs to be corrected regularly. An
actual infusion rate deviation > + 10% is usually associated
with clinical factors that significantly affect coagulation sta-
tus, such as high blood coagulation caused by HIT, severe
hypoproteinemia, tumors, and long-term bed rest [16-23],
which requires a full coagulation status evaluation in patients
before treatment and timely adjustment of the anticoagula-
tion program.

Conclusion

This study verified the safety, effectiveness, and applica-
bility of an individualized RCA protocol for hemodialysis
under real and complex clinical conditions. This protocol
can meet the needs of individualized treatment, reduce the
cost of treatment, and reduce restrictions on the use of RCA
in hemodialysis to some extent. Limitations were also found
in patients with significant hypercoagulability. As a retro-
spective study, this study also has certain limitations. First,

this study did not enroll general hemodialysis patients, and
no control group was included. The next step is to conduct
a multicenter, prospective, parallel-controlled, and rand-
omized clinical study with low-molecular-weight heparin
as a control to confirm the differences in effectiveness and
safety between an individualized RCA protocol and a con-
ventional low-molecular-weight heparin anticoagulation pro-
tocol in general hemodialysis patients. Second, the sample
size was not accurately calculated. Finally, we have multiple
treatments for the same patient that may be biased.

Szamosfalvi et al. [24] proposed an automated RCA pro-
tocol more than 10 years ago, but it was not incorporated
into practice. We hold that developing special automated
RCA equipment and connecting catheters based on this
protocol can simplify the operation and improve infusion
accuracy, which is expected to be superior to anticoagulation
using low-molecular-weight heparin in terms of effective-
ness and adverse reactions while providing similar opera-
tional convenience and cost.
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