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ABSTRACT

Continuous renal replacement therapy (CRRT) has emerged
as the preferred dialysis modality for critically ill patients with
acute kidney injury, particularly those with hemodynamic
instability. Anticoagulation is necessary for effective delivery
of CRRT, but this requirement can also present challenges, as
many critically ill patients with sepsis and inflammation
already have a higher risk of bleeding as well as clotting. With-
out anticoagulation, CRRT filter and circuit survival are
diminished, and therapy becomes less helpful. Heparins are
presently the most commonly used anticoagulants worldwide
for CRRT. They are widely available and can be easily moni-
tored, but disadvantages include risks of hemorrhage, heparin

resistance, and heparin-induced thrombocytopenia (HIT).
Because of the potential side effects of heparin, alternative
methods of anticoagulation have been investigated, including
regional heparin ⁄protamine, low molecular weight heparins,
heparinoids, thrombin antagonists (hirudin and argatroban),
regional citrate, and platelet inhibiting agents (prostacyclin
and nafamostat). Each of these techniques has unique advanta-
ges and disadvantages, and anticoagulation for CRRT should
be adapted to the patient’s characteristics and institution’s
experience. Of the alternative methods, citrate anticoagulation
is gaining wider acceptance with the development of simplified
and safer protocols.

The primary disadvantage of continuous renal
replacement therapy (CRRT) is the need for anticoagu-
lation to prevent clotting of the extracorporeal circuit.
Although nonrandomized studies have shown that
CRRT without anticoagulation is feasible in patients
with coagulopathy, most patients require some form of
anticoagulation. The ideal anticoagulant should provide
optimal anti-thrombotic activity with minimal bleeding
complications and negligible systemic effects. It should
be inexpensive, have a short half-life, and be easily
reversed. Moreover, monitoring methods of the antico-
agulant effect should be simple and readily available.
The advantages and disadvantages of various reported
methods of systemic and regional anticoagulation for
CRRT are reviewed in this manuscript.

Unfractionated Heparin

Unfractionated heparin (UFH), the most commonly
used anticoagulant for CRRT, potentiates antithrombin
III by a 1000-fold, resulting in inhibition of factors IIa

(thrombin) and Xa. UFH is made up of heparin mole-
cules of varied sizes (5–30 kDa). The larger fragments
have predominantly anti-IIa activity and are cleared
more rapidly than the smaller fragments. Anti-IIa activ-
ity is measured by the activated partial thromoboplastin
time (APTT). The smaller fragments principally inhibit
Xa and may result in an anticoagulant effect in the set-
ting of a normal APTT because of its delayed clearance
(1–3). UFH metabolites are eliminated by the kidneys.
Plasma half-life is approximately 90 minutes but can
increase up to 3 hours in the presence of renal insuffi-
ciency.

The advantages of UFH are that it is inexpensive,
widely available and familiar to physicians, easy to
administer, simple to monitor, and reversible with prot-
amine. Disadvantages include the unpredictable and
complex pharmacokinetics of UFH (resulting in dosing
variability), the development of heparin-induced throm-
bocytopenia (HIT), heparin resistance because of low
patient antithrombin levels, and the increased risk of
hemorrhage (1). Van deWetering et al. (4) demonstrated
that the efficacy of UFH for prolonging filter life was
proportional to the APTT and not to the heparin dose.
Hemofilter clotting occurred less frequently when the
PTT was increased by 10 seconds, but coincided with a
50% increase in the incidence of intracranial or retro-
peritoneal bleeding. Considering all the administration
methods of heparin, the incidence of bleeding episodes
ranges from 10–50%, withmortality because of bleeding
as high as 15% (4–6).

Address correspondence to: Ashita J. Tolwani, MD, MSe,
ZRB 604, 1530 3rd Ave. S., Birmingham, AL 35294-0007, or
e-mail: atolwani@uab.edu.

Seminars in Dialysis—Vol 22, No 2 (March–April) 2009
pp. 141–145
DOI: 10.1111/j.1525-139X.2008.00545.x
ª 2009 Wiley Periodicals, Inc.

141

THE CLINICAL APPLICATION OF CRRT—CURRENT STATUS



Most of the publications using UFH in CRRT are
small, nonrandomized studies that used variable doses
of heparin and variable APTT targets (1,5–9). Circuit
survival times ranging from 20 to 40 hours have been
reported. UFH is generally administered as a bolus of
2000–5000 IU (30 IU ⁄kg), followed by a continuous
infusion of 5–10 IU ⁄kg ⁄hour into the arterial limb of
the dialysis circuit. APTT is maintained between 34–
45 seconds, or anAPTT of 1.5–2.0 times normal.

Regional Unfractionated Heparin–Protamine

Regional anticoagulation of the circuit is achieved by
constant infusion of UFH into the hemofilter arterial
line along with a constant infusion of protamine admin-
istered postfilter on the return line of the extracorporeal
circuit. This approach requires measurement of both cir-
cuit and patient APTT. The advantage of this method is
that the anticoagulant effects of UFH are restricted to
the extracorporeal circuit, thereby lowering the risk of
systemic patient bleeding.
Regional heparinization, however, is technically com-

plicated because of the difficulty in estimating the
amount of protamine required to antagonize postfilter
heparin. For CRRT, an initial ratio of 100 between pre-
filter heparin (in units) and postfilter protamine (in mg)
has been recommended, with subsequent adjustment
according to the APTT. However, the amount of prot-
amine needed to neutralize 100 IU of heparin varies sub-
stantially. The heparin–protamine complex is taken up
by the reticuloendothelial system and broken down, but
then heparin and protamine are released back into the
circulation. Thus, protocols are cumbersome and diffi-
cult to standardize (7,10–14). In practice, UFH at 1000–
1500 U ⁄hour is infused prefilter and neutralized with
postfilter protamine at 10–12 mg ⁄hour. Protamine infu-
sion is also associated with hypotension, anaphylaxis,
cardiac depression, leukopenia, and thrombocytopenia
(15). Although several small studies have demonstrated
that regional heparinization with protamine is feasible
and safe, its efficacy in prolonging filter lifespan has been
variable (10,11,14).

Low Molecular Weight Heparins

Because of their reduced chain length, low molecular
weight heparins (LMWHs) have higher anti-Xa ⁄anti-
IIa activity than UFH (1). The pharmacokinetics of
LMWHs is more predictable than that of UFH because
of less plasma protein binding. The advantages include
a more reliable anticoagulant response and a lower
incidence of HIT. However, because of the stronger
anti-Xa effect, reversal with protamine is less effective.
Dalteparin, enoxaprin, and nadroparin have been stud-
ied in CRRT; these LMWHs differ in size, half-life,
and activity. Since LMWHs are excreted renally, their
effects are prolonged in renal failure. Special coagula-
tion assays are required to monitor anti-Xa activity.
Furthermore, LMWHs are more expensive than stan-
dard heparin.

Controlled studies of LMWHs in CRRT have utilized
either fixed doses or doses based on anti-Xa levels (16–
19). Studies have demonstrated mixed results as to
whether anti-Xa levels correlate with circuit survival
(16–19). Loading doses of 15–25 IU ⁄kg of nadroparin
and dalteparin have been used, with maintenance doses
of 5 IU ⁄kg ⁄hour. Although some studies use LMWHs
in a fixed dose, for safety reasons, monitoring of anti-Xa
(target level 0.25–0.35 U ⁄ml) is recommended with pro-
longed use. Levels of anti-Xa between 0.45 and
0.8 U ⁄ml have been associated with bleeding complica-
tions (20).
Three small randomized trials have shown fixed-dose

LMWHs to be as effective as, but not superior to, stan-
dard heparin in prolonging circuit life (14,17,18). One
small randomized study by Joannidis et al. (19) showed
that enoxaprin (loading dose 0.15 mg ⁄kg; maintenance
dose 0.05 mg ⁄kg ⁄hour) extended circuit life, correlated
with anti-Xa activity, and demonstrated less bleeding
when comparedwithUFH.

Heparinoids

Danaparoid is a synthetic glycosaminoglycuron
derived from pig intestine. It has a low-grade sulfation
that reduces the incidence of platelet cross-reactivity
with heparin-induced antibodies. It primarily has an
anti-Xa, rather than anti-IIa, effect. While danaparoid
has been used for HIT, it has several disadvantages:
cross-reactivity with heparin ⁄platelet factor 4 (PF4) anti-
bodies in 5–10% of patients; a prolonged half-life (up to
48 hours) in renal failure; and notably, no antidote.
For CRRT anticoagulation, danaparoid is adminis-

tered as a bolus dose between 750–2500 U followed by a
maintenance dose of 1–2 U ⁄kg ⁄hour. The dose is
adjusted to achieve an anti-Xa level of between 0.25 and
0.35 IU ⁄ml. One observational study of danaparoid in
13 patients on CRRT found a high rate of bleeding
(46%) despite lower mean anti-Xa activity
(0.4 � 0.2 U ⁄ml) (21). Monitoring of anti-Xa activity is
therefore critical with prolonged use.

Thrombin Antagonists

Recombinant (r) hirudin irreversibly inhibits bound
and unbound thrombin independent of cofactors and
PF4. The advantage is that it can be used in patients with
or suspected HIT. However, the half-life of r-hirudin
(normally 1–2 hours) is prolonged in patients with renal
insufficiency since it is almost exclusively eliminated by
the kidneys. Moreover, because it has a molecular
weight of 6980 Da, it is negligibly removed by diffusion
and variably removed with convection. No antidote
exists. Since the anticoagulation effect at higher doses of
r-hirudin is not linearly related to the APTT, the ecarin
clotting time (ECT) is a more reliable test employed but
not yet easily available (22,23). ECT uses the prothrom-
bin-activating enzyme ecarin to monitor the concentra-
tion of r-hirudin plasma levels. Several authors have
reported successful use of r-hirudin as an anticoagulant
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for CRRT in critically ill patients diagnosed with HIT
(24–27). For CRRT, it is administered either as a contin-
uous infusion (0.005–0.01 mg ⁄kg ⁄hour) or delivered in
bolus doses (0.002 g ⁄kg) (28). The ECT is targeted for
80–100 seconds. In patients without HIT, two studies
have demonstrated increased bleeding with continuous
infusion, and less bleeding but a shorter circuit life with
bolus doses (26,27). The use of hirudin as an anticoagu-
lant in CRRT has been associated with hemorrhagic
complications in up to 38%of patients (25,26).

Argatroban is a second generation direct thrombin
inhibitor used in patients with HIT. Unlike hirudin, it is
metabolized by the liver and has a 35 minute half-life in
chronic dialysis (29). Furthermore, anticoagulation can
be effectively measured by APTT levels. Similar to hiru-
din, no antidote exists. Studies are limited but describe a
loading dose of 250 lg ⁄kg and a maintenance dose of
0.5–2 lg ⁄kg ⁄minute with an APTT 1–1.4 times normal
(30,31). Dose reduction is required in hepatic failure. It
is the preferred CRRT anticoagulant in patient with
HIT and acute kidney injury.

Recombinant human activated protein C (rhAPC) is
a potent thrombin antagonist shown to reduce patient
mortality in severe sepsis (32). It inhibits thrombin for-
mation by degrading coagulation factors Va and VIIIa.
Few studies exist, and experience is limited. However,
one study reported a mean circuit life of 55 � 14 hours
with rhAPC as compared with 66 � 19 hours with
UFH (33).

Regional Citrate

Citrate is infused into the blood at the beginning of
the extracorporeal circuit and provides anticoagulation
by chelating ionized calcium (iCa++). Optimal regional
anticoagulation occurs when the iCa++ concentration
in the extracorporeal circuit is below 0.35 mmol ⁄ l (mea-
sured as the postfilter iCa++ level). Since citrate is a
small molecule, majority of the calcium–citrate complex
is freely filtered and lost in the effluent. Therefore, a sys-
temic calcium infusion is necessary to replace the cal-
cium lost with citrate. Any calcium–citrate complex
remaining then returns to the patient and is metabolized
to bicarbonate by the liver, kidney and skeletal muscle.
Each citrate molecule potentially yields three bicarbon-
atemolecules. Calcium released from the calcium–citrate
complex helps restore normal iCa++ levels. Advantages
of citrate anticoagulation include the avoidance of sys-
temic anticoagulation andHIT. The disadvantage is that
citrate adds complexity and labor intensity to CRRT
because of requirements for customized dialysate or
replacement solutions. Frequent monitoring of electro-
lytes, iCa++, and acid–base status is required, as a result
of the potential for hypernatremia, metabolic alkalosis,
and systemic ionized hypocalcemia. Patients with severe
liver failure and lactic acidosis may have difficulty with
citrate metabolism and develop citrate toxicity, which is
characterized by low systemic iCa++, elevated total
serum calcium, metabolic acidosis, and an increased
anion gap (34–37). If properly monitored, complications
associatedwith regional citrate are uncommon.

A variety of methods of regional citrate anticoagula-
tion are described in the literature (38–58). Citrate is
administered either as a separate citrate solution or
added to a calcium-free predilution replacement fluid.
We have reported a simple citrate anticoagulation proto-
col with continuous veno-venous hemodiafiltration
(CVVHDF) (58). By using an isotonic dilute-citrate
based replacement solution and a commercially avail-
able physiologic calcium-free bicarbonate-based dialy-
sate, the incidence of metabolic abnormalities is
reduced.

Overall, studies of regional citrate anticoagulation, as
compared toUFH, report better filter survival times and
less bleeding (38–58). There is also some evidence for
improved biocompatibility by decreased activation of
coagulation and leukocytes (59,60). In a prospective,
randomized trial, Monchi et al. (43) compared the safety
and efficacy of UFH with regional citrate anticoagula-
tion in 20 patients treated with continuous veno-venous
hemofiltration (CVVH). Median circuit lifetime was
longer with citrate (adjusted to maintain iCa++ in the
circuit below 0.3 mmol ⁄ l) than with UFH (adjusted to
maintain APTT 60–80 seconds), 70 hours vs. 40 hours,
p < 0.001. In a randomized study of 30 patients by
Kutsogiannis et al. (45), median hemofilter survival time
was 124.5 hours in the citrate group and 38.3 hours in
the heparin group (p < 0.001).

In a multicenter study involving 138 patients and 442
CRRT circuits, no difference was observed in the mean
circuit life between citrate and UFH (44.7 � 35.9 hours
vs. 42.1 � 27.1 hours, respectively) (46). The UFH
group experienced more life-threatening bleeding epi-
sodes requiring transfusion of blood. In another study of
87 patients undergoing CRRT from the Calgary Health
Region, Canada, 54 were initially treated with citrate
(212 filters), 29 with heparin (97 filters), and 4 with saline
flushes (42). Median filter lifespan was significantly
higher with citrate than with UFH (40 hours vs.
30 hours, p < 0.001). In addition, citrate anticoagula-
tion was well tolerated, with no treatment discontinued
because of bleeding ormetabolic complications.

Platelet-Inhibiting Agents

Prostacyclin (PGI2) and its synthetic derivative epopr-
ostenol inhibit platelet aggregation and adhesion. Pros-
tacyclin can cause hypotension from vasodilation at
doses of 20 ng ⁄kg ⁄minute. While the vasodilator half-
life is 2 minutes, the antiplatelet effect remains for
2 hours. Prostacyclin has been investigated alone or in
combination with UFH (5, 61-66 ). The usual dose is 2
to 8 ng ⁄kg ⁄minute infused prefilter. Monitoring is not
required unless UFH is used. Its main drawbacks
include the risk of hypotension and expense of the drug.

Most authors have reported only limited clinical
experience with prostacyclin, and published reports on
its safety and efficacy are scant (5,61–66). Langenecker
et al. (61) compared the efficacy and safety of PGI2 as an
alternative to and combinedwithUFH in a randomized-
controlled trial. While PGI2 increased circuit life, it
was associated with more hemodynamic instability
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compared with heparin alone or heparin combined with
PGI2. The median filter life with prostacyclin as a sole
agent is about 15–19 hours and extends to 20–22 hours
when combined with low-dose UFH at 5–6 IU ⁄kg ⁄hour
(65).
Nafamostat mesilate, a synthetic serine protease

inhibitor, is a prostacyclin analog without the hypoten-
sive activity. It is not available in the United States but
typically administered at a dose of 0.1 mg ⁄kg ⁄hour.
However, studies have demonstrated that levels of
thrombin–antithrombin III complex and prothrombin
activation fragment 1 + 2 increase, while protein C
activity decreases, leading to circuit clotting (67,68).
Several side effects (anaphylaxis, agranulocytosis, hyper-
kalemia) have been reported with use of nafamostat
(69–71).

Conclusion

The choice of anticoagulant for CRRT should be
determined by patient characteristics, local expertise,
nursing comfort, ease of monitoring and pharmacy
issues. There is no consensus on which anticoagulant
should be first choice for all CRRT patients. However,
citrate anticoagulation is gaining wide acceptance with
the development of simpler and safer protocols. Moni-
toring should include evaluation of anticoagulant effect,
filter efficacy, and circuit life and complications.

References

1. Hirsh J, Warkentin TE, Shaughnessy SG, Anand SS, Halperin JL,
Raschke R, Granger C, Ohman EM, Dalen JE: Heparin and low-
molecular weight heparin: mechanisms of action, pharmacokinetics,
dosing, monitoring, efficacy, and safety. Chest 119:64–94, 2001

2. Greaves M: Limitations of the laboratory monitoring of heparin
therapy. Scientific and Standardization Committee Communications:
on behalf of the Control of Anticoagulation Subcommittee of the
Scientific and Standardization Committee of the International Soci-
ety of Thrombosis and Haemostasis. Thromb Haemost 87:163–164,
2002

3. Baker BA, Adelman MD, Smith PA, Osborn JC: Inability of the acti-
vated partial thromboplastin time to predict heparin levels. Time to
reassess guidelines for heparin assays. Arch Intern Med 157:2475–2479,
1997

4. van de Wetering J, Westendorp RG, van der Hoeven JG, Stolk B,
Feuth JD, Chang PC: Heparin use in continuous renal replacement
procedures: the struggle between filter coagulation and patient hemor-
rhage. J Am Soc Nephrol 7:145–150, 1996

5. Davenport A, Will EJ, Davison AM: Comparison of the use of stan-
dard heparin and prostacyclin anticoagulation in spontaneous and
pump-driven extracorporeal circuits in patients with combined acute
and hepatic failure. Nephron 66:431–437, 1994

6. Martin PY, Chevrolet JC, Suter P, Favre H: Anticoagulation in
patients treated by continuous venovenous hemofiltration: a retrospec-
tive study. Am J Kidney Dis 24:806–812, 1994

7. Bellomo R, Teede H, Boyce N: Anticoagulant regimens in acute con-
tinuous hemodiafiltration: a comparative study. Intensive Care Med
19:329–332, 1993

8. Leslie GD, Jacobs IG, Clarke GM: Proximally delivered dilute heparin
does not improve circuit life in continuous venovenous haemodiafiltra-
tion. Intensive Care Med 22:1261–1264, 1996

9. Tan HK, Baldwin I, Bellomo R: Continuous veno-venous hemofiltra-
tion without anticoagulation in high-risk patients. Intensive Care Med
26:1652–1657, 2000

10. Morabito S, Guzzo I, Solazzo A, Muzi L, Luciani R, Pierucci A: Con-
tinuous renal replacement therapies, anticoagulation in the critically ill
at high risk of bleeding. J Nephrol 16:566–571, 2003

11. Biancofiore G, Esposito M, Bindi L, Stefanini A, Bisa M, Boldrini A,
Consani G, Filipponi F, Mosca F: Regional filter heparinization for

continuous veno-venous hemofiltration in liver transplant recipients.
Minerva Anestesiol 69:527–538, 2003

12. Mehta RL, Dobos GJ, Ward DM: Anticoagulation in continuous
renal replacement procedures. Semin Dial 5:61–68, 1992

13. Kaplan AA, Petrillo R: Regional heparinization for continuous
arterio-venous hemofiltration (CAVH). Trans Am Soc Artif Organs
33:312–315, 1987

14. Van der Voort PH, Gerritsen RT, Kuiper MA, Egbers PH, Kingma
WP, Boerma EC: Filter run time in CVVH: pre- versus post-dilution
and nadroparin versus regional heparin-protamine anticoagulation.
Blood Purif 23:175–180, 2005

15. Horrow JC: Protamine: a review of its toxicity. Anesth Analg 64:348–
361, 1985

16. de Pont AC, Oudemans-van Straaten HM, Roozendaal KJ, Zandstra
DF: Nadroparin versus dalteparin anticoagulation in high-volume,
continuous venovenous hemofiltration: a double-blind, randomized,
crossover study. Crit Care Med 28:421–425, 2000

17. Reeves JH, Cumming AR, Gallagher L, O’Brien JL, Santamaria
JD: A controlled trial of low-molecular weight heparin (dalteparin)
versus unfractionated heparin as anticoagulant during continuous
venovenous hemodialysis with filtration. Crit Care Med 27:2224–
2228, 1999

18. Journois D, Safran D, Castelain MH, Chanu D, Drevillon C, Barrier
G: Comparison of the anti-thrombotic effects of heparin, enoxaparin,
and prostacycline in continuous hemofiltration. Ann Fr Anesth Reanim
9:331–337, 1990

19. Joannidis M, Kountchev J, Rauchenzauner M, Schusterschitz N,
Ulmer H, Mayr A, Bellmann R: Exonaparin versus unfractionated
heparin for anticoagulation during continuous veno-venous hemofil-
tration – a randomized controlled cross-over study. Intensive Care
Med 33:1571–1579, 2007

20. Jeffrey RF, Khan AA, Douglas JT, Will EJ, Davison AM: Anticoagu-
lation with low molecular weight heparin (Fragmin) during continuous
hemodialysis in the intensive care unit. Artif Organs 17:717–720, 1993

21. Lindhoff-Last E, Betz C, Bauersachs R: Use of a low-molecular-
weight heparinoid (danaparoid sodium) for continuous renal replace-
ment therapy in intensive care patients. Clin Appl Thromb Hemost
7:300–304, 2001

22. Nurmohamed MT, Berckmans RJ, Morrien-Salomons WM, Berends
F, Hommes DW, Rijnierse JJ, Sturk A: Monitoring anticoagulant
therapy by activated partial thromboplastin time: Hirudin assessment.
Thromb Haemost 72:685–692, 1994

23. Potzsch B, Madlener K, Seelig C, Riess CF, Greinacher A,
Muller-Berghaus G: Monitoring of r-hirudin anticoagulation during
cardiopulmonary bypass: assessment of the whole blood ecarin clot-
ting time. Thromb Haemost 77:920–925, 1997

24. Fischer KG, van de Loo A, Bohler J: Recombinant hirudin (lepirudin)
as anticoagulant in intensive care patients treated with continuous
hemodialysis. Kidney Int 56(Suppl. 72):S46–S50, 1999

25. Kern H, Ziemer S, Kox WJ: Bleeding after intermittent or continuous
r-hirudin during CVVH. Intensive Care Med 25:1311–1314, 1999

26. Hein OV, von Heymann C, Lipps M, Ziemer S, Ronco C, Neumayer
HH, Morgera S, Welte M, Kox WJ, Spies C: Hirudin versus heparin
for anticoagulation in continuous renal replacement therapy. Intensive
Care Med 27:673–679, 2001

27. Hein OV, von Heymann C, Diehl T, Ziemer S, Ronco C, Morgera S,
Siebert G, Knox WJ, Neumayer HH, Spies C: Intermittent hirudin
versus continuous heparin for anticoagulation in continuous renal
replacement therapy. Ren Fail 26:297–303, 2004

28. Wester JPJ: Guidelines for anticoagulation with danaparoid sodium
and lepirudin in continuous venovenous hemofiltration. Neth J Crit
Care 8:293–301, 2004

29. Murray PT, Reddy BV, Grossman EJ, Hammes MS, Trevino S,
Ferrell J, Tang I, Hursting MJ, Shamp TR, Swan SK: A prospective
comparison of three argatroban treatment regimens during hemodialy-
sis in end-stage renal disease. Kidney Int 66:2446–2453, 2004

30. Reddy BV, Grossman EJ, Trevino SA, Hursting MJ, Murray PT:
Argatroban anticoagulation in patients with heparin-induced thrombo-
cytopenia requiring renal replacement therapy. Ann Pharmacother
39:1601–1605, 2005

31. Tang IY, Cox DS, Patel K, Reddy BV, Nahlik L, Trevino S, Murray
PT: Argatroban and renal replacement therapy in patients with hepa-
rin-induced thrombocytopenia. Ann Pharmacother 39:231–236, 2005

32. Bernard GR, Vincent JL, Laterre PF, LaRosa SP, Dhainaut JF,
Lopez-Rodriguez A, Steingrub JS, Garber GE, Helterbrand JD, Ely
EW, Fisher CJ Jr, Recombinant human protein C Worldwide Evalua-
tion in Severe Sepsis (PROWESS) Study Group: Efficacy and safety
of recombinant human activated protein C for severe sepsis. N Eng J
Med 344:699–709, 2001

33. de Pont AC, Bouman CS, de Jonge E, Vroom MB, Buller HR,
Levi M: Treatment with recombinant human activated protein C
obviates additional anticoagulation during continuous venovenous
hemofiltration in patients with severe sepsis. Intensive Care Med
29:1205, 2003

144 Tolwani and Wille



34. Apsner R, Schwarzenhofer M, Derfler K, Zauner C, Ratheiser K,
Kranz A: Impairment of citrate metabolism in acute hepatic failure.
Wien Klin Wochenschr 109:123–127, 1997

35. Kramer L, Bauer E, Joukhadar C, Strobl W, Gendo A, Madl C,
Gangl A: Citrate pharmacokinetics and metabolism in cirrhotic and
non-cirrhotic critically ill patients. Crit Care Med 31:2450–2455, 2003

36. Meier-Kriesche HU, Gitomer J, Finkel K, DuBose T: Increased total
to ionized calcium ratio during continuous venovenous hemodialysis
with regional citrate anticoagulation. Crit Care Med 29:748–752, 2001

37. Bakker AJ, Boerma EC, Keidel H, Kingma P, van der Voort PH:
Detection of citrate overdose in critically ill patients on citrate-
anticoagulated venovenous haemofiltration: use of ionised and total ⁄
ionised calcium. Clin Chem Lab Med 44:962–966, 2006

38. Palsson R, Niles JL: Regional citrate anticoagulation in continuous
venovenous hemofiltration in critically ill patients with a high risk of
bleeding. Kidney Int 55:1991–1997, 1999

39. Gabutti L, Marone C, Colucci G, Duchini F, Schonholzer C: Citrate
anticoagulation in continuous venovenous hemodiafiltration: a meta-
bolic challenge. Intensive Care Med 28:1419–1425, 2002

40. Mehta RL, McDonald BR, Aguilar MM, Ward DM: Regional citrate
anticoagulation for continuous arteriovenous hemodialysis in critically
ill patients. Kidney Int 38:976–981, 1990

41. Tolwani AJ, Campbell RC, Schenk MB, Allon M, Warnock DG: Sim-
plified citrate anticoagulation for continuous renal replacement ther-
apy. Kidney Int 60:370–374, 2001

42. Bagshaw SM, Laupland KB, Boiteau PJ, Godinez-Luna T: Is regional
citrate superior to systemic heparin anticoagulation for continuous
renal replacement therapy? A prospective observational study in an
adult regional critical care system. J Crit Care 20:155–161, 2005

43. Monchi M, Berghmans D, Ledoux D, Canivet JL, Dubois B, Damas
P: Citrate vs. heparin for anticoagulation in continuous venovenous
hemofiltration: a prospective randomized study. Intensive Care Med
30:260–265, 2004

44. Kutsogiannis DJ, Mayers I, Chin WD, Gibney RT: Regional citrate
anticoagulation in continuous veno-venous hemodiafiltration. Am J
Kidney Dis 35:802–811, 2000

45. Kutsogiannis DJ, Gibney RTN, Stollery D, Gao J: Regional citrate
versus systemic heparin anticoagulation for continuous renal replace-
ment in critically ill patients. Kidney Int 67:2361–2367, 2005

46. Brophy PD, Somers MJ, Baum MA, Symons JM, McAfee N,
Fortenberry JD, Rogers K, Barnett J, Blowey D, Baker C, Bunchman
TE, Goldstein SL: Multi-centre evaluation of anticoagulation in
patients receiving continuous renal replacement therapy (CRRT).
Nephrol Dial Transplant 20:1416–1421, 2005

47. Mehta RL, McDonald BR, Ward DM: Regional citrate anticoagula-
tion for continuous arteriovenous hemodialysis. An update after
12 months. Contrib Nephrol 93:210–214, 1991

48. Thoenen M, Schmid ER, Binswanger U, Schuepbach R, Aerne D,
Schmidlin D: Regional citrate anticoagulation using a citrate-based
substitution solution for continuous venovenous hemofiltration in car-
diac surgery patients. Wein Klin Wochenschr 114:108–114, 2002

49. Hofmann RM, Maloney C, Ward DM, Becker BM: A novel method
for regional citrate anticoagulation in continuous venovenous hemofil-
tration (CVVHF). Ren Fail 24:325–335, 2002

50. Tobe SW, Aujla P, Walele AA, Oliver MJ, Naimark DM, Perkins NJ,
Beardsall M: A novel regional citrate anticoagulation protocol for
CRRT using only commercially available solutions. J Crit Care
18:121–129, 2003

51. Mitchell A, Daul AE, Beiderlinden M, Schafers RF, Heemann U,
Kribben A, Peters J, Philipp T, Wenzel RR: A new system for regio-
nal citrate anticoagulation in continuous venovenous hemodialysis
(CVVHD). Clin Nephrol 59:106–114, 2003

52. Swartz R, Pasko D, O’Toole J, Starmann B: Improving the delivery of
continuous renal replacement therapy using regional citrate anticoagu-
lation. Clin Nephrol 61:134–143, 2004

53. Cointault O, Kamar N, Bories P, Lavayssiere L, Angles O, Rostaing
L, Genestal M, Durand D: Regional citrate anticoagulation in contin-

uous venovenous hemodiafiltration using commercial solutions.
Nephrol Dial Transplant 19:171–178, 2004

54. Morgera S, Scholle C, Voss G, Haase M, Vargas Hein O, Krausch D,
Melzer C, Rosseau S, Zuckermann-Becker H, Neumayer HH: Meta-
bolic complications during regional citrate anticoagulation in continu-
ous venovenous hemodialysis: single center experience. Nephron Clin
Pract 97:c131–c136, 2004

55. Egi M, Naka T, Bellomo R, Cole L, French C, Trethewy C, Wan L,
Langenberg CC, Fealy N, Baldwin I: A comparison of two citrate
anticoagulation regimens for continuous veno-venous hemofiltration.
Int J Artif Organs 28:1211–1218, 2005

56. Naka T, Egi M, Bellomo R, Cole L, French C, Botha J, Wan L, Fealy
N, Baldwin I: Commercial low citrate anticoagulation haemofiltration
in high risk patients with frequent filter clotting. Anaesth Intensive
Care 33:601–608, 2005

57. Bihorac A, Ross EA: Continuous veno-venous hemofiltration with cit-
rate-based replacement fluid: efficacy, safety, and impact on nutrition.
Am J Kidney Dis 46:908–918, 2005

58. Tolwani AJ, Prendergast MB, Speer RR, Stofan BS, Wille KM: A
practical citrate anticoagulation continuous veno-venous hemodiafil-
tration protocol for metabolic control and high solute clearance. Clin
J Am Soc Nephrol 1:79–87, 2006

59. Bos JC, Grooteman MP, van Houte AJ, Schoorl M, van Limbeek J,
Nube MJ: Low polymorphonuclear cell degranulation during citrate
anticoagulation: a comparison between citrate and heparin dialysis.
Nephrol Dial Transplant 12:1387–1393, 1997

60. Hofbauer R, Moser D, Frass M, Oberbauer R, Kaye AD, Wagner O,
Kapiotis S, Druml W: Effect of anticoagulation on blood membrane
interactions during hemodialysis. Kidney Int 56:1578–1583, 1999

61. Langenecker SA, Felfernig M, Werba A, Mueller CM, Chiari A,
Zimpfer M: Anticoagulation with prostacyclin and heparin during
continuous venovenous hemofiltration. Crit Care Med 22:1774–1781,
1994

62. Kozek-Langenecker SA, Kettner SC, Oismueller C, Gonano C, Speiser
W, Zimpfer M: Anticoagulation with prostaglandin E1 and unfrac-
tionated heparin during continuous venovenous hemofiltration. Crit
Care Med 26:1208–1212, 1998

63. Kozek-Langenecker SA: Anticoagulation with prostaglandins during
extracorporeal circulation. Wien Klin Wochenschr 111:129–140, 1999

64. Kozek-Langenecker SA, Spiss CK, Gamsjager T, Domenig C, Zimpfer
M: Anticoagulation with prostaglandins and unfractionated heparin
during continuous venovenous haemofiltration: a randomized con-
trolled trial. Wien Klin Wochenschr 114:96–101, 2002

65. Fiaccadori E, Maggiore U, Rotelli C, Minari M, Melfa L, Kappe G,
Cabassi A: Continuous haemofiltration in acute renal failure with
prostacyclin as the sole anti-haemostatic agent. Intensive Care Med
28:586–593, 2002

66. Balik M, Waldauf P, Plasil P, Paschl J: Prostacyclin versus citrate in
continuous hemodiafiltration: an observational study in patients with
high risk of bleeding. Blood Purif 23:325–329, 2005

67. Ohtake Y, Hirasawa H, Sugai T, Oda S, Shiga H, Matsuda K,
Kitamura N: Nafomostat mesylate as anticoagulant in continuous he-
mofiltration and continuous hemodiafiltration. Contrib Nephrol
93:215–217, 1991

68. Nakae H, Tajimi K: Pharmacokinetics of nafomastat mesilate during
continuous hemodiafiltration with a polyacrylonitrile membrane. Ther
Apher Dial 7:483–485, 2003

69. Okada H, Suzuki H, Deguchi N, Saruta T: Agranulocytosis in a hae-
modialyzed patient induced by a proteinase inhibitor, nafomostate
mesilate. Nephrol Dial Transplant 7:980, 1992

70. Ookawara S, Tabei K, Sakurai T, Sakairi Y, Furuya H, Asano Y:
Additional mechanisms of nafamostate mesilate-associated hyperkala-
emia. Eur J Clin Pharmacol 51:149–155, 1996

71. Higuchi N, Yamazaki H, Kikuchi H, Gejyo F: Anaphylactoid reaction
induced by a protease inhibitor, nafamostate mesilate, following nine
administrations in a hemodialysis patient. Nephron 86:400–401, 2000

ANTICOAGULATION FOR CRRT 145


