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Abstract

Continuous forms of renal replacement therapy (CRRT)
have become established as the treatment of choice for
supporting critically ill patients with acute kidney injury.
Typically, these patients have activation of the coagulation
cascades, peripheral mononuclear cells and platelets, but
also a reduction in natural anticoagulants, and are there-
fore prothrombotic. For continuous modes of renal replace-
ment therapy to be effective, in terms of both effective
solute clearance and also fluid removal, the extracorporeal
circuits must operate continuously. Thus, preventing clot-
ting in the CRRT circuit is a key goal to effective patient
management. As these patients may also be at increased
risk of bleeding, regional anticoagulation with citrate is in-
creasing in popularity, particularly following the introduc-
tion of commercially available CRRT machines and fluids
specifically designed for citrate anticoagulation. Although
regional anticoagulation with citrate provides many advan-
tages over other systemic anticoagulants, excess citrate may
lead to both metabolic complications, ranging from acido-
sis to alkalosis and may also potentially expose patients to
electrolyte disturbances due to hyper- and hyponatraemia
and hyper- and hypocalcaemia.
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Introduction

Citrate (C¢H;05) is a small negatively charged molecule
with a molecular weight of 191 Daltons. In aerobic organ-
isms, citric acid is an intermediate in the Kreb’s cycle, a
mitochondrial metabolic pathway involved in the chemical
conversion of carbohydrates, fats and proteins to generate
ATP. Intracellularly citrate is typically metabolized first to
cis-aconitate, and then to D-isocitrate and a-ketoglutarate,
in total liberating three carbon dioxide molecules during
one full circle of the Kreb’s cycle, and these can then be
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Fig. 1. Exogenous citrate can react with carbonic acid to form citric acid
and sodium bicarbonate. Citric acid can then be metabolized through a
number of steps to water and carbon dioxide.

converted through to bicarbonate. Citrate can also be trans-
ported out of the mitochondria and into the cytoplasm,
and broken down into acetyl CoA for fatty acid synthe-
sis, whereas exogenous citrate infused as an extracorporeal
anticoagulant generates sodium bicarbonate by reacting to
carbonic acid (Figure 1).

For many years, citrate has been used as the an-
ticoagulant of choice for stored blood products, typ-
ically as acid citrate dextrose (ACD), (3.22% citrate,
112.9 mmol/l citrate, 123.6 mmol/l glucose, 224.4 mmol/l
sodium and 114.2 mmol/l hydrogen ions), or trisodium cit-
rate (TCA) Na3;CsHsO(COO)s, (4% TCA, 136 mmol/l cit-
rate, 420 mmol/l sodium). Citrate chelates calcium, and
at a concentration of 4-6 mmol/l with an ionized calcium
of <0.2 mmol/l prevents activation of both coagulation
cascades and platelets [1]. As such, citrate has been the
standard anticoagulant used by haematologists and blood
transfusion services for stored blood products and also as
an extracorporeal anticoagulant for centrifugal platelet and
leucopheresis techniques and plasma exchange. Similarly,
citrate was initially used not only as an extracorporeal an-
ticoagulant for haemodialysis more than two decades ago,
initially as 4% TCA [2], but also as ACD. [3]. Citrate is
essentially a regional extracorporeal anticoagulant, with a
short systemic half-life of around 5 min, metabolized pre-
dominantly by mitochondria in the liver, skeletal muscle
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and the kidney. As citrate chelates calcium, it may help
reduce some of the inflammatory reactions that occur by
reducing leucocyte and monocyte activation during passage
through the extracorporeal circuit [4].

CRRT and citrate anticoagulation

Continuous renal replacement therapy (CRRT) has emerged
as the preferred dialysis modality for critically ill patients
with acute kidney injury (AKI), particularly those with
haemodynamic instability. Anticoagulation is often nec-
essary for effective delivery of CRRT, but this require-
ment can also present challenges, as many critically ill pa-
tients with sepsis and/or inflammation are at both increased
risk of bleeding and hypercoagulablity [5]. Without anti-
coagulation, the CRRT filter and circuit survival are di-
minished and therapy becomes less effective. Heparins are
currently the most commonly used extracorporeal antico-
agulants for CRRT worldwide. They are widely available,
inexpensive and can be readily monitored, but have disad-
vantages including increased risk of haemorrhage, heparin
resistance due to reduced concentrations of antithrombin 11
and heparin-induced thrombocytopaenia (HIT). In view of
the potential side effects of heparin, alternative methods of
anticoagulation have been investigated, including regional
heparin/protamine, low-molecular-weight heparins, hepari-
noids, thrombin antagonists (hirudin and argatroban), re-
gional citrate, prostanoids and nafamostat, with regional cit-
rate anticoagulation (RCA) gaining wider acceptance with
the development of simplified and safer protocols [6].

Citrate is infused into the blood at the start of the extra-
corporeal circuit and provides anticoagulation by chelating
ionized calcium (iCa™*™). For optimal anticoagulation, the
citrate infusion is adjusted to blood flow. The target extra-
corporeal blood citrate concentration to inhibit coagulation
is 4-6 mmol/l, corresponding to a pre-filter iCa™™ concen-
tration of <0.35 mmol/l. As citrate is a small molecule, the
majority of the calcium—citrate complex is freely filtered
during haemofiltration or moves across the membrane by
diffusion during dialysis and is lost in the ultrafiltrate or
dialysate effluent. Therefore, a systemic calcium infusion
is necessary to replace the calcium lost with citrate. Any
calcium—citrate complex remaining then returns to the pa-
tient and is metabolized to bicarbonate by the liver, kid-
ney and skeletal muscle. Each citrate molecule potentially
yields three bicarbonate molecules, as trisodium citrate can
react with carbonic acid to form sodium bicarbonate (Fig-
ure 1). Calcium released from the calcium—citrate complex
helps restore normal iCa™ levels [7].

There are several potential advantages of RCA for CRRT,
in that it avoids systemic anticoagulation, can act as a
buffer by conversion through to bicarbonate and does not
cause HIT. However, on the other hand, disadvantages in-
clude the potential for metabolic complications and the
need for complex protocols [8]. The various citrate solu-
tions reported in the literature are either customized, hospi-
tal pharmacy-formulated or commercially available. They
vary in the concentration and the proportion of trisodium
citrate and citric acid. As a result, equimolar dosages of
citrate may differ in the amount of sodium infused and the
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buffer potential of the solution across different studies. The
reported trisodium citrate concentrations range markedly
from 0.32% up to 30%, with lower concentration solutions
being used as RCA replacement solutions. Even though
concentrations vary across studies, the actual citrate deliv-
ery rate to the CRRT extracorporeal circuit is less variable
and typically ranges from 17 to 45 mmol/h [6].

CRRT circuit options

RCA is employed broadly across CRRT, and clinical ex-
perience with all three modalities (CVVH, CVVHD and
CVVHDF) has been reported in the literature. The varia-
tions in citrate protocols are based on the composition of
the citrate solution, method of citrate delivery and CRRT
circuit options. Citrate solutions used for CRRT are ei-
ther customized or commercially made, with the use of
commercially available solutions now being more common.
These commercially available solutions include anticoag-
ulant citrate dextrose solution (ACD-A), which contains
224 mmol/l of sodium, 74.8 mmol/l of citrate and 38 mmol/l
citric acid and 4% trisodium citrate solution (TCA), which
contains 420 mmol/l of sodium and 136 mmol/l of citrate.
Depending upon the concentration of citrate solution em-
ployed and the corresponding sodium load, compensatory
hyponatraemic replacement and/or dialysate solutions with
either no or reduced bicarbonate concentrations are required
to prevent the development of electrolyte abnormalities [9].

Citrate is typically infused prefilter and can be delivered,
either as a fixed ratio between blood and citrate infusions,
or titrated based on iCa™™* levels [11]. Calcium is usually
administered into the systemic circulation via a separate
line rather than the venous return line due to the theoreti-
cal potential of increased clotting of the access return line.
However, various centres have reported success with in-
fusing calcium in the venous return line with no apparent
increase in clotting [12]. Calcium is typically given as cal-
cium chloride that should only be given through a central
line due to its sclerosing effect on peripheral veins. Alter-
natively, calcium gluconate can be delivered through any
Venous access.

Depending on the CRRT circuit design, citrate is either
infused as a separate solution with the addition of a pre-
filter or post-filter replacement solution, or it can be added
to pre-filter replacement fluid itself [10] (Figure 1). If in-
fused as a separate solution, the citrate is infused by a
separate external IV pump through a three-way stopcock
or Y-connector placed at the end of the arterial limb of the
CRRT vascular access catheter [9]. As the stopcock or Y-
connector is outside the CRRT circuit, net fluid removal
measured by the CRRT device does not include the citrate
infusion rate. Thus, nursing staff become responsible for in-
cluding the amount of citrate infused when net fluid balance
is calculated. Furthermore, if the CRRT device alarms for
bag changes or other reasons, all pumps except the blood
pump stop, resulting in the direct infusion of citrate into the
patient [13].

If the citrate is infused as a pre-filter replacement fluid
through the CRRT device, the citrate solution must be de-
livered as close to the access as possible. Otherwise, a
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Fig. 2. When citrate is used for continuous venovenous haemofiltration,
citrate is always given pre-haemofilter, but can be administered as a sepa-
rate infusion, with replacement fluids given either pre- or post-filter or as
a combined citrate-replacement solution.

significant amount of tubing extending from the vascu-
lar access catheter to the pre-filter replacement fluid port
remains unanticoagulated, and can lead to clotting. Many
CRRT devices only allow addition of the replacement so-
lution just before blood enters the filter. The Prisma device
(Gambro AB, Lund, Sweden) offers an additional pre-pump
infusion setting that allows a greater portion of access line
to be diluted by redirecting replacement solution close to
the blood access site and before the blood pump, while the
Prismaflex (Gambro AB, Lund, Sweden), which has been
designed for citrate anticoagulation, has a separate fifth
blood pump that allows infusion of a supplemental solution
for citrate anticoagulation to be given close to the vascular
access.

Continuous venovenous haemofiltration (CVVH)

For CVVH, citrate can be infused as a separate citrate solu-
tion with addition of a pre-filter or post-filter replacement
solution or added to the replacement fluid (Figure 2).

If citrate is infused separately, then the pre- or post-
replacement fluid is usually hyponatraemic with no or min-
imal anionic buffer (bicarbonate or lactate) [ 14]. The advan-
tage of this system is that the anticoagulation effect is not
coupled to metabolic and solute control. If the citrate infu-
sion rate and blood flow are kept constant, then the amount
of citrate and bicarbonate lost in the ultrafiltrate depends
upon the ultrafiltration rate [10]. If the ultrafiltration rate is
increased, to increase urea and creatinine clearances, then
more citrate and bicarbonate will also be lost in the ultra-
filtrate [15] and the replacement solution may then need to
be adjusted accordingly with increased buffer supplemen-
tation to prevent acidosis and maintain acid—base balance.
This titration allows close metabolic control to be achieved.
Most centres using this method use the commercially avail-
able citrate solutions. The disadvantage of this method
is that the number of solutions needed is three: a citrate
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Fig. 3. When citrate is used for continuous venovenous haemodialysis,
then citrate is always given pre-haemofilter.

solution, a replacement solution and a calcium infusion.
This complicates the method and increases the potential
for incorrect bag placement on the CRRT device. Further-
more, the other disadvantages, as already described, is the
delivery of citrate through an external IV pump.

If citrate is added to the replacement fluid, the replace-
ment fluid is then a single solution providing both antico-
agulation and convective solute clearance [10]. Therefore,
this solution contains either citrate alone or a combination
of citrate and bicarbonate. The advantage of this protocol
is that the system is simplified by using one solution for
both anticoagulation and replacement. However, since the
replacement fluid rate varies with ultrafiltration flow and
desired fluid removal, a fixed relation between citrate flow
and blood flow is not certain. Moreover, since anticoagu-
lation is coupled with metabolic control, the buffer cannot
be titrated separately. If buffer needs are increased, then
either bicarbonate has to be added to the replacement solu-
tion or administered as a separate infusion. Finally, the cit-
rate replacement solution has to be custom-made, increas-
ing cost, labour and allowing potential for local pharmacy
compounding errors, although a dilute citrate replacement
solution has recently become available in Europe known as
prismocitrate (10 mmol/l trisodium citrate plus 2 mmol/l
citric acid) (Gambro AB Lund, Sweden).

An alternative approach is to perform both pre- and post-
dilutional haemofiltration. If the citrate infusion is separate
from the predilutional fluid, then this becomes a rather com-
plex system, requiring four infusions, including the calcium
re-infusion. If a combined pre-filter citrate-based predilu-
tional solution is used, then the post-filtration option allows
a greater degree of flexibility compared to simple CVVH.
However, at this time, these options are not supported by the
currently commercially available citrate-based solutions,
and the fluid compositions required depend on the volumes
exchanged, and as such require customized formulation.
This approach is somewhat complex, and potential prob-
lems may occur if the predilutional fluid is connected by
error to the postdilutional infusion port.

Continuous haemodialysis and haemodiafiltration
CVVHD(F)

For CVVHD, citrate is infused pre-filter and typically in
conjunction with a calcium-free dialysate (Figure 3). The
advantage of this method is that both commercially avail-
able citrate and dialysate solutions can be used. The disad-
vantage is that small solute clearance is limited to diffusion
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Fig. 4. When citrate is used for continuous venovenous haemodiafiltra-
tion, citrate is always given pre-haemofilter, but can be administered as a
separate infusion, with replacement fluids given either pre- or post-filter
or as a combined citrate-replacement solution.
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and dialysate rate [16]. For CVVHDE, the citrate and re-
placement fluid is infused as described for CVVH with the
addition of a calcium-free dialysate (Figure 4). CVVHDF
has the same advantages and disadvantages as for CVVH,
namely a separate citrate infusion versus a combined cit-
rate and replacement infusion [17,18]. The only difference
is that commercially available calcium-free dialysates with
physiologic concentrations of electrolytes can be success-
fully used with both ACD-A and customized combination
of citrate replacement solutions.

Several protocols have reported the use of a calcium-
containing dialysate [18,19]. Since the calcium will chelate
some of the citrate, a higher citrate infusion rate is re-
quired. Additionally, clotting in the venous air chamber
has proved problematical when using calcium-containing
dialysates and replacement solutions [20]. Several proto-
cols have also described the successful use of both a citrate-
based replacement solution and citrate-based dialysate for
CVVHDEF [21]. Using only a citrate-based dialysate is not
recommended since the circuit tubing extending from the
vascular access to the dialysate delivery port remains with-
out anticoagulation and thus a potential cause for clotting.

The advantage of using a separate citrate solution, a sep-
arate replacement fluid solution and a separate dialysate
solution with CVVHDF is that all commercially available
solutions can be used and that anticoagulation, solute con-
trol and metabolic control can be titrated independently.
However, the number of solutions required increases to four
(citrate, replacement fluid, dialysate, and calcium infusion),
complicating the protocol and increasing the risk of incor-
rect bag placement on the CRRT device by the nurse [13].

An alternative is to use customized, combined citrate
replacement solutions, which contain a dilute concentra-
tion of citrate with a physiological concentration of sodium
[7]. This allows for high convective rates and minimizes
sodium or bicarbonate abnormalities, especially when used
in conjunction with commercially available dialysates with
physiologic sodium and bicarbonate concentrations. In such
protocols, most metabolic derangements can be corrected
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with altering the rates of citrate and dialysate infusion rather
than altering the composition of the solutions. Furthermore,
the number of solutions required is only three. The main
disadvantage of this system is that such a dilute citrate
replacement solution is not universally commercially avail-
able and has to be locally made by the hospital pharmacy,
the only exception being prismocitrate 10/2 (Gambro AB,
Lund, Sweden) in Europe.

Comparison of circuit designs for citrate

Overall, the best circuit designs for citrate are those that are
safe, simple and not labour intensive for pharmacy or nurs-
ing staff. Such protocols use either standardized or commer-
cially available solutions and minimize the total number of
CRRT solutions required.

The best solutions are those with physiological levels of
sodium and bicarbonate. While haemofiltration may allow
for removal of higher molecular weight solutes by con-
vection, the addition of a dialysate to provide haemodi-
afiltration has a significant advantage when using citrate
regional anticoagulation. Using a dialysate with a physio-
logical solute composition provides an independent means
for correction of any other electrolyte abnormalities that
may occur during therapy, while maintaining a stable cit-
rate infusion rate, especially when a combined dilute citrate
solution is used for anticoagulation and replacement.

The small solute clearance achieved by CVVHDF can
be increased by increasing dialysate flow, as required to
treat severe metabolic acidosis or if the patient is markedly
hypercatabolic and blood urea levels are not falling as ex-
pected. Increasing dialysate flow may also be effective in
managing mild citrate accumulation by increasing diffu-
sive removal of citrate. Furthermore, the use of a dialysate
decreases problems with high filtration fractions or prob-
lems with decreased solute clearance from high pre-filter
replacement fluid rates as seen with CVVH. Although not
yet commercially available everywhere, the safest citrate
solution is a dilute citrate solution with a physiological
sodium concentration [7].

Monitoring of citrate anticoagulation

Due to the potential for electrolyte abnormalities, frequent
monitoring of electrolytes, patient iCat™ and acid—base sta-
tus is required [6]. Monitoring of the patient’s blood elec-
trolytes should be performed at least every 6 h and should
include blood sodium, potassium, chloride, iCa™™", magne-
sium and blood gas analysis along with calculation of the
anion gap. At least once daily, total blood calcium concen-
tration should be monitored to calculate the calcium ratio
or calcium gap [7]. The need for monitoring anticoagula-
tion efficacy in the circuit depends on the method of citrate
delivery.

If the citrate dose is not fixed to a constant blood flow
rate, then post-filter iCa™™ levels should be measured at
least every 6 h and the infusion of citrate titrated up or
down to achieve an iCa™™ target of <0.35 mmol/l. If the
dose of citrate is fixed in relation to the blood flow, then less
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monitoring is required provided that the blood flow remains
constant. If properly monitored, complications associated
with regional citrate should be uncommon. It must be re-
membered, however, that other medical conditions, such as
rhabdomyolysis, severe pancreatitis, post-tumour lysis and
toxic shock syndromes may lead to hypocalcaemia, and as
such this needs to be considered when reviewing the post-
filteriCa™ and systemic calcium targets. Although the nor-
mal reference range for ionized calcium is 1.0-1.25 mmol/
1, the majority of proponents of regional citrate anticoag-
ulation aim for a lower target of 0.9—-1.0 mmol/l, on the
basis that most critically ill patients have a lowered ionized
calcium concentration, which is thought to be protective
[22]. As such, lower systemic ionized calcium targets are
often tolerated and tend to be treated only when patients
have symptoms or signs of hypocalcaemia, or in sedated
paralysed patients ECG changes such as prolongation of
the QTc interval.

Metabolic complications associated with citrate
anticoagulation during CRRT

While commercially available citrate solutions, such as 4%
TCA and ACD-A, are commonly used for RCA in CRRT,
they are not intended for anticoagulation for CRRT and
have high concentrations of citrate and sodium. TCA has
greater sodium content than does ACD-A (420 mmol/l ver-
sus 224 mmol/l). As a result, metabolic abnormalities can
result from RCA due to the buffering capacity of citrate, the
high sodium content of the citrate solutions, and the loss
of calcium bound to citrate in the effluent [23]. The elec-
trolyte abnormalities associated with citrate anticoagulation
include alkalosis, acidosis, hypernatraemia and hypo- and
hypercalcaemia [24]. In the setting of intensive care units
and under the close supervision of a physician and nursing
team trained for CRRT, these metabolic risks can be man-
aged and prevented by altering the flow and composition of
solutions delivered to the patient.

Metabolic acidosis

Patients with severe liver failure and lactic acidosis may
have difficulty with citrate metabolism [25] and develop cit-
rate toxicity, which is characterized by low systemic iCa™,
elevated total serum calcium, metabolic acidosis and an in-
creased anion gap [26]. The accumulation of citrate causes
the systemic iCa*™ concentration to fall [27], whereas the
bound fraction of calcium rises. If the calcium infusion is
increased to correct the low iCa™™, most of the calcium is
bound to citrate. A disproportional rise in total Ca occurs,
while iCa™ remains low. The calcium gap (total Ca mi-
nus iCa™) or the calcium ratio (total Ca/iCa™ ™) increases
(Figure 5). Citrate toxicity is likely when the ratio of total
serum calcium to ionized calcium concentration exceeds
2.5, when both total and ionized calcium are measured in
mmol/l or >10 if total calcium is measured in mg/dl [28].
The correct treatment is to reduce or stop the citrate infu-
sion, increase dialysate flow rate to increase citrate loss and
also to increase the calcium infusion to correct the ionized
hypocalcaemia.
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Fig. 5. If citrate cannot be metabolized, then the total serum calcium
concentration appears to increase, with a corresponding fall in ionized
calcium due to the increase in calcium complexed with citrate, as the
calcium—citrate complex is not directly measured it is termed the ‘calcium
gap’ as causing an increasing difference between total and ionized calcium.

Acidosis can occur not only due to failure to metabolize
citrate through to bicarbonate, but also due to the continued
losses of bicarbonate [26] and calcium citrate complexes in
the dialysate effluent/filtrate.

Metabolic alkalosis

Metabolic conversion from accumulated citrate can result
in an excessive alkali load [29]. The risk of developing a
metabolic acidosis depends upon the amount of citrate in-
fused. As ACD contains less citrate than 4% TCA, anticoag-
ulation with ACD is less likely to cause metabolic alkalosis.
Although citrate is negatively charged, the sieving coeffi-
cient is <1.0, as most citrate is complexed. In predilutional
haemofiltration, the patients will develop a positive citrate
balance, increasing with increasing volumes of citrate con-
taining predilutional fluids. At standard slow dialysate flow
rates of ~2.0 1/h, with blood flow rates <150 ml/min, more
citrate tends to be removed with dialysis-based techniques
than with an equivalent predilutional haemofiltration. In
routine clinical practice, the risk of developing alkalosis is
dependent upon the blood flow and citrate load, with some
reports of up to 50% of patients developing a metabolic
alkalosis [30]. To reduce the risk of alkalosis [31], several
protocols use hyperchloraemic fluids [9]. In addition, be-
cause citrate is used as a preservative for stored blood and
blood products, CRRT patients in receipt of very large vol-
umes of transfused blood may develop metabolic alkalosis
while being treated with RCA. Alkalosis can be managed
by either decreasing the blood flow rate, and so allowing
a decrease in the citrate infusion rate into the patient, or
by decreasing the infusion of citrate, or additionally by
increasing citrate and bicarbonate losses in the dialysate
effluent by increasing the dialysate flow, or by either re-
ducing bicarbonate in the dialysate/replacement solutions
[32] or infusing 0.9% sodium chloride as pre- or post-
replacement fluid [33]. An alternative approach to reduce
the risk of alkalosis has been to use less citrate, aiming for
a lower pre-dialyzer/haemofilter citrate concentration of 3—
4 mmol/l with a corresponding higher ionized calcium of
~0.4 mmol/l, rather than the usual target of 4-6 mmol/l of
citrate and an ionized post-filter calcium of <0.3 mmol/I,
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and accepting a shorter CRRT circuit life. In such cases,
additional bicarbonate may be required, typically added to
the dialysate.

When citrate accumulates, the proportion of ionised to
bound calcium falls, as calcium binding increases, both
complexed to citrate, but also to other proteins due to the
pH shift, then the total ionized calcium concentration falls
(Figure 5). If the fall in ionized calcium is corrected ag-
gressively with calcium, then once citrate is metabolized
and releases calcium, there is a risk of iatrogenic hyper-
calcaemia. As such, in cases of metabolic alkalosis due to
citrate accumulation, the ionized calcium should only be
supported when the patient has clinical symptoms, signs or
ECG changes of hypocalcaemia.

Hypocalcaemia

Hypocalcaemia may result if citrate accumulates system-
ically. It may also occur by the loss of calcium bound to
citrate in the effluent, or by insufficient calcium supple-
mentation. Measurement of the calcium gap—the ratio of
ionized to total calcium (Figure 5)—can help differentiate
hypocalcaemia due to citrate accumulation from inadequate
calcium supplementation. The ratio of ionized calcium to
total calcium progressively falls, in cases of citrate accu-
mulation and toxicity.

Calcium should preferably be infused through a separate
line, and adjusted during CRRT on an ongoing basis in
order to control (or would maintain be better) systemic cal-
cium concentrations. The calcium infusion rate depends on
effluent flow rate and whether or not the replacement fluid
and/or dialysate contain calcium. If a calcium-containing
replacement fluid and/or dialysate are used, then a sepa-
rate calcium infusion may not be necessary [18]. Although
the normal reference range for ionized calcium is 1.0-1.25
mmol/l, the majority of proponents of regional citrate anti-
coagulation aim for a lower target of 0.9—1.0 mmol/l, on the
basis that most critically ill patients have a lowered ionized
calcium concentration, which is thought to be protective
[22]. As such, lower systemic ionized calcium targets are
often tolerated and tend to be treated only when patients
have symptoms or signs of hypocalcaemia, or in sedated
paralysed patients, ECG changes such as prolongation of
the QTc interval.

Hypernatraemia

Infusion of a concentrated TCA solution results in a very
significant sodium load to the patient (420 mmol/l in a
4% TCA solution; 3060 mmol/l in a 30% TCA solution).
However, hypernatraemia is an uncommon complication if
using a hyponatraemic dialysate with a concentrated citrate
solution or if using a citrate solution with a physiologic
concentration of sodium [9].

Electrolyte balance during citrate anticoagulation

Although patients who are anticoagulated with citrate are
regularly monitored and citrate and calcium infusions and
dialysate and ultrafiltrate flow rates regularly adjusted ac-
cording to blood test results, overall electrolyte fluxes are
often not considered.
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Sodium balance

Trisodium citrate is a hypernatraemic solution, and as such
can lead to a positive sodium balance, particularly when
used during CVVH, as the sieving coefficient of sodium is
<1.0 [34], and more sodium is retained when given pre-
rather than post-filter [24]. To avoid a positive sodium bal-
ance, most centres either use a pre-filter replacement so-
lution of diluted TCA 0.4% citrate in combination with a
low sodium solution e.g. 100 mmol/l, or administer a second
pre-filter fluid with reduced sodium concentration pre-filter
[10,14]. In theory, predilutional haemofiltration leads to a
positive sodium balance, as the sieving coefficient is <1.0,
and the risk of hypernatraemia is much less with dialysis
modalities, and as such dialysates tend to be isonatraemic
[16]. However, in routine clinical practice, sodium balance
is not only dependent upon potential sodium gains from the
citrate based CRRT solutions, but also sodium content of
other intravenous infusions and fluids and enteral feeds, and
sodium losses, including CRRT but also those from urine,
drains and nasogastric suction etc. As citrate is infused pre-
filter, most centres perform haemodiafiltration, with 3-4%
TCA diluted by a second pre-filter fluid infusion with a
hyponatraemic dialysate [9,11], or a lower citrate concen-
tration pre-filter, such as 0.4-0.5% with an isonatraemic
dialysate [7].

Calcium and magnesium balance

Citrate anticoagulation is based on calcium chelation, and
as calcium citrate is lost during passage through the dial-
yser/haemofilter, patients become hypocalcaemic. If this
is not appropriately corrected, then arrhythmias and car-
diac arrest may ensue [35]. Calcium is therefore infused
either systemically or into the venous return of the extra-
corporeal circuit to maintain normal systemic ionized cal-
cium of 0.95-1.2 mmol/l. Since many acutely ill patients
are hypoalbuminaemic and acidotic, an infusion of acidic
TCA increases the relative proportion of ionized-to-bound
calcium and leads to increased dialysate/filtrate calcium—
citrate losses [36]. Thus, many patients treated by CRRT
using citrate-based anticoagulation develop a negative cal-
cium balance, especially when compared to standard CRRT
anticoagulated with heparin, as most commercially avail-
able dialysates/replacement solutions contain high concen-
trations of calcium [37].

Magnesium will be similarly lost due to binding to cit-
rate and removal of the complex during passage through
the dialyser/haemofilter, and also to the effect of predilu-
tion [24]. However, unlike calcium, magnesium is added
to replacement solutions and dialysates. Depending upon
the volumes exchanged, higher magnesium concentrations
may be required to compensate for the losses.

Clinical conditions which may potentially be associated
with citrate toxicity

Citrate toxicity occurs when the amount of citrate returning
to the patient can not be adequately metabolized and cit-
rate accumulates. This may be either due to excess citrate
administered by nursing or pharmacy composition error
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[13], circuit design and/or reduced patient metabolism. As
citrate returning to the patient is complexed with calcium,
this leads to a progressive increase in the total serum cal-
cium with a reduction in the ionized calcium concentration,
with the difference, termed the ‘calcium gap’ being made
up of increasing calcium complexed with citrate (Figure 5)
[28].

Citrate is metabolized predominantly in the mitochon-
dria in the liver, skeletal muscle and kidney. Thus, patients
with AKI treated by CRRT rely on hepatic and skeletal
muscle metabolism. Thus, citrate metabolism may be com-
promised in patients with cardiogenic shock with reduced
hepatic and muscle blood flow. In addition, patients with
acute liver failure, particularly fulminant hepatic failure,
cannot adequately metabolize citrate [25] and become aci-
dotic due to continued bicarbonate and citrate losses into the
dialysate/filtrate [38]. Some drugs, such as amphetamines,
including 3,4-methylenedioxymethamfetamine, can lead to
AKI in association with both acute liver and muscle dam-
age. Although severe myositis or rhabdomyloysis is unlikely
to cause significant citrate toxicity, provided liver function
is adequate, muscle injury can cause hypocalcaemia. Most
centres now monitor and regulate citrate anticoagulation
by measuring systemic ionized calcium. As the ionized
calcium falls in rhabdomyloysis, this can then lead to esca-
lating systemic calcium infusion, which may later result in
increased muscle damage in survivors due to calcium de-
position, and a reduction in citrate infusion with increased
risk of circuit clotting. Other conditions associated with
hypocalcaemia include severe pancreatitis, post-tumour ly-
sis and toxic shock.

As citrate is metabolized by mitochondria, anticoagu-
lation with citrate may cause additional citrate toxicity in
patients following accidental or deliberate poisoning with
ethylene glycol and a number of mitochondrial inhibitors,
including the insecticide rotenone, cyanide, antimycin,
malonate, carbonyl cyanide p-[rifluoromethoxyl]-phenyl-
hydrozone (FCCP), oligomycin and 2,4 dinitrophenol. In
addition, patients with inherited or acquired mitochondrial
cytopathies, such as mitochondrial encephalopathy with
lactic acidosis and stroke episodes, and myoclonic epilepsy
with ragged red fibres, may be more prone to citrate toxicity.
Some of the medications taken by HIV patients have mito-
chondrial effects, typically more severe with stavudine than
didanosine and zidovudine and lesser effects with lamivu-
dine, emtricitabine, abacavir and tenofovir, and these may
predispose to reduced citrate metabolism.

latrogenic errors and circuit design problems leading
to acid—base imbalance

Iatrogenic problems may develop not only due to errors in
fluid composition during the local manufacture and prepa-
ration of customized fluids, but also due to operational
errors [13]. Whereas the typical CRRT circuit with hep-
arin anticoagulation uses the same fluid composition for
both the replacement solution and the dialysate, circuits
designed for citrate anticoagulation are more complex with
different fluid compositions used pre- and post-filter and for
the dialysate. This can potentially lead to iatrogenic com-
plications, if for example a pre-filter citrate replacement

445

solution is connected to the dialysate port by accident. In
addition, stopping one fluid infusion, to change to a new
bag, may again lead to metabolic disturbance.

Similarly, circuit design can also lead to acid—base imbal-
ance. Typically, this is more likely to occur with a pre-filter
haemofiltration circuit, as when the amount of ultrafiltrate
is increased or decreased to achieve a desired small solute
(urea) clearance, correspondingly altering the citrate load.

Calcium levels have to be monitored on a regular ba-
sis, and if patients do not have indwelling arterial lines,
then blood may be withdrawn from triple lumen access
catheters, and in this case, samples can give erroneous cal-
cium results, due to contamination by recirculation with
returning calcium—citrate complexes in the venous return
line.

The typical intensive care CRRT machine calculates fluid
balance. However, when citrate is infused as a separate
infusion, this volume is not assessed by the majority of the
current machines, and this may result in fluid balance errors
[13].

Regional citrate anticoagulation for CRRT
compared to heparins

Overall, studies comparing regional citrate anticoagulation
for CRRT with heparin have either reported longer or sim-
ilar circuit duration and less bleeding or blood transfusion
requirement with citrate [14,39,40]. There is also some ev-
idence for reduced bio-incompatibility by decreased acti-
vation of coagulation and leucocytes with citrate [4]. In
one prospective, randomized trial, median circuit lifetime
was significantly longer with citrate (adjusted to maintain
iCa++ in the circuit <0.3 mmol/l) compared to unfrac-
tionated heparin (UFH infusion adjusted to maintain sys-
temic aPTT 60-80 s), 70 h versus 40 h [14]. In another
randomized study, the median haemofilter survival time
was 124.5 h in the citrate group compared to 38.3 h in
the heparin group [39]. More recently, a larger random-
ized study of 215 patients reported that the efficacy and
duration of CRRT circuits anticoagulated with citrate and
nadroparin were similar; however, citrate was found to be
safer with less bleeding and thrombocytopaenia [40]. In ad-
dition, mortality was reduced in the citrate group, with a
reduction in sepsis. Whether this relates to vascular access
catheter-acquired infections remains to be determined [40].

However, it must be remembered that citrate is an ex-
tracorporeal regional anticoagulant, and is therefore not a
systemic anticoagulant. Thus, in cases of HIT [41], when
systemic anticoagulation is required to prevent thrombosis,
treatment with citrate alone is not adequate [42].

Summary

Regional citrate anticoagulation is gaining popularity for
CRRT in the critically ill patient, with either similar or
longer CRRT circuit life compared to standard systemic an-
ticoagulation with unfractionated or low-molecular-weight
heparins, but with reduced risk of haemorrhage and blood
transfusion requirement.
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The dose of citrate needs to adjusted for blood flow, to
achieve a pre-haemofilter/dialyser ionized calcium target
of <0.25 mmol/l, approximately corresponding to a citrate
concentration of 4-6 mmol/l, for effective anticoagulation.
Calcium is then re-infused to maintain a normal systemic
ionized calcium concentration, and the citrate infusion ad-
justed according to the post-filter ionized calcium and the
total systemic serum calcium.

Patients can become alkalotic due to the metabolism
of an increasing citrate load returning to the patient, but
also acidotic if citrate cannot be readily metabolized, or
the amount of citrate infused is too low. In addition, this
may be compounded by nursing and/or fluid composition
errors. However, by carefully monitoring ionized and total
calcium, appropriate adjustments can be made to dialysate
and/or replacement fluid rates and citrate and/or calcium in-
fusion rates, to achieve acid—base targets. Although citrate
is predominantly hepatically metabolized, many patients
with liver disease, even those with cirrhosis, can often ad-
equately metabolize the citrate load.

Despite the potential pitfalls, and the initial apparent
complexity of the citrate-based CRRT circuit, citrate anti-
coagulation is increasing in popularity due to its efficacy
and safety as a regional anticoagulant for CRRT.
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