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Continuous renal replacement
therapy (CRRT) is established
for the treatment of acute renal
failure. However, anticoagula-

tion is difficult in CRRT and can rarely be
avoided. All systemic anticoagulants also

increase the bleeding risk; therefore, re-
gional anticoagulation is advocated, which
is most often based on the chelating prop-
erties of citrate for calcium ions (1).

Citrate anticoagulation has already been
suggested in 1983 for the hemodialysis of
patients with acute renal failure but was
not widely accepted due to the occurrence
of severe side effects including alkalosis (2)
and severe hypocalcemia. The development
of metabolic alkalosis results from the met-
abolic conversion of citrate to bicarbonate.
To our knowledge, the first routine imple-
mentation of citrate anticoagulation in this
patient group has been reported in the
early 1990s by Mehta et al (3–5). The use of
an alkali-free dialysis fluid by Mehta and
Ward alone was at the applied, fixed dose of
1000 mL/hr apparently not sufficient to
correct for the indirect buffer base infusion
with the citrate. By adding the infusion of
isotonic saline in predilution and, thus, the
removal of buffer bases by the correspond-
ing filtrate volume, the issues with alkalosis
were controlled.

We have previously shown that in-
creasing the dialysate flow and, thereby,
the diffusive removal of buffer bases,
mostly bicarbonate and citrate, from the
patients’ blood can be used to compen-
sate the tendency toward alkalosis (6).
Drawbacks with that protocol were that
we were not able to realize widely ac-
cepted dose standards of about 2 L/hr
CRRT dose and to adapt the realized
CRRT dose to the body weight of the
patient (7). To avoid higher blood flows
and the associated higher citrate infusion
requirements, this required the addition
of a buffer base to the dialysis fluid (8).
Accordingly, we now use a dialysate with
20 mmol/L bicarbonate for citrate-based
continuous venovenous hemodialysis
(CVVHD).

The aim of this clinical study is to show
that our protocol can easily, and with a
high flexibility, be adapted to the desired
CRRT dose. For this, we prospectively sep-
arated the patients by their body weight
into a small, medium, and large group and
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Objective: Citrate anticoagulation is an excellent alternative to
heparin anticoagulation for critically ill patients requiring contin-
uous renal replacement therapy. In this article, we provide a safe
and an easy-to-handle citrate anticoagulation protocol with vari-
able treatment doses and excellent control of the acid–base
status.

Design: Prospective observational study.
Setting: University hospital.
Patients: One hundred sixty-two patients with acute renal

failure requiring renal replacement therapy were enrolled in the
study.

Intervention: A continuous venovenous hemodialysis-based ci-
trate anticoagulation protocol using a 4% trisodium solution, a
specially designed dialysate fluid, and a continuous calcium in-
fusion were used. The study period was 6 days. Hemofilters were
changed routinely after 72 hours of treatment. The patients were
grouped according to body weight, with patients below 60 kg
body weight in group 1, patients with at least 60 kg and up to 90
kg body weight in group 2, and patients with a body weight of
above 90 kg in group 3. Dialysate flow was adapted according to
body size and matched approximately 2 L/hr for a patient with

average body size. Blood flow, citrate flow, and calcium flow were
adjusted according to the dialysate flow used.

Measurements and Main Results: Median filter run time was
61.5 hours (interquartile range: 34.5–81.1 hours). Only 5% of all
hemofilters had to be changed because of clotting. The prescribed
treatment dose was achieved in all patients. Acid–base and
electrolyte control were excellent in all groups. In the rare cases
of metabolic disarrangement during citrate anticoagulation, acid–
base values were rapidly corrected by modifying either the dia-
lysate flow or alternatively the blood flow rate. Eight patients (5%)
developed signs of citrate accumulation indicated by an increase
of the total calcium >3 mmol/L or a need for high calcium
substitution.

Conclusions: We provide a safe and an easy-to-handle citrate
anticoagulation protocol that allows an excellent acid–base and
electrolyte control in critically ill patients with acute renal failure.
The protocol can be adapted to patients’ need, allowing a wide
spectrum of treatment doses. (Crit Care Med 2009; 37:2018–2024)

KEY WORDS: continuous venovenous hemodialysis; regional an-
ticoagulation with citrate; hemofilter lifetime; treatment dose;
acid–base control; hypercalcemia
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treated each group at an appropriate but
different dose level.

MATERIALS AND METHODS

The protocol was approved by the ethics
committee of the Charité. Between August 2004
and December 2006, 162 consecutive patients
had been included in this clinical study at the
Charité Berlin Campus Mitte. All the patients
fulfilled the inclusion criteria: written informed
consent, age at least 18 years, and acute renal
failure clinically requiring CRRT. The diagnosis
of acute renal failure was based on clinical and
laboratory grounds and is in accordance with the
recommendation made by the Acute Dialysis
Quality Initiative (www.adqi.net). The Acute Di-
alysis Quality Initiative classification of acute
renal failure is divided into three levels (risk,
injury, and failure) based on either glomerular
filtration rate or urine output criterion, which-
ever is more severe. All patients included into
this study reached the failure level. Pregnant
patients and patients participating in another
clinical study were not included. Treatment was
not started in one patient (due to nonavailability
of a vascular access and death of the patient
before insertion of a double-lumen central ve-
nous catheter). Thus, data of 161 patients were
available for analysis.

The study lasted in each patient up to 6 days.
The duration was shorter, when CRRT was no
longer clinically needed. Filters were changed rou-
tinely after 72 hours of treatment. To avoid filter
changes during periods of limited staff availability,
a tolerance of �12 hours was allowed.

For practical reasons, the patients were cat-
egorized by body weight into three groups and
each group was treated at a matching efficacy
level. As the predilution by the infusion of the
4% citrate solution is minimal and as at least for
small molecules like urea and creatinine a com-
plete saturation of the effluent can be expected,
we used the effluent flow as a surrogate for
treatment efficacy. This is in line with other
studies using the effluent flow as a surrogate for
the applied treatment intensity (9). The dose
adaptation was done approximately proportional
to the body surface. This scaling method is based
on the fact that metabolic processes, including
the generation of renally excreted waste prod-
ucts, have empirically been found to scale clearly
better proportional to body surface area com-
pared with body weight (10). Compared with
scaling, the dose proportional to body weight,
this results in a smaller dose decrease for
small patients and a smaller dose increase for
larger patients. Of note, scaling the treatment
dose proportional to body surface area is com-
monly used in pediatric nephrology, i.e., for
very small patients (11, 12). Using the empir-
ical formula 0.1173 m2 � body weight0.6466

(13) for the relation between body weight and
body surface area, the recommended effluent

flow of 2000 mL/hr for an average 70 kg
patient (7) corresponds to a required efflu-
ent flow of 2350 mL/hr for a 90-kg patient
[2000 mL/hr � (90 kg/70 kg)0.6466]. The
prescription for group 2 sums already up to
2220 mL/hr, with the effluent flow resulting
from fluid removal not yet included but clin-
ically known to fill the remaining gap. Thus,
the prescription made for group 2 is adequate
for patients up to 90 kg. Analogously, the
prescription made for group 1 is adequate for
patients up to 60 kg. Thus, patients below 60
kg body weight were included in group 1,
patients with at least 60 kg and up to 90 kg body
weight in group 2, and patients with a body
weight of above 90 kg in group 3. CVVHD with
citrate anticoagulation was started at predefined
treatment settings in each group (compare Table
1 and Figure 1) and adjusted as clinically re-
quired. The dialysate used in this study was de-
veloped recently in our unit (8) and is now
commercially available (Ci-Ca Dialysate K2, Fre-
senius Medical Care, Bad Homburg, Germany).
The composition is as follows: potassium 2

mmol/L, sodium 133 mmol/L, chloride 116.5
mmol/L, magnesium 0.75 mmol/L, bicarbonate
20 mmol/L, zero calcium, and glucose 1 g/L. The
infusion of the 4% trisodium citrate solution
(136 mmol/L citrate; Fresenius Kabi Bad Hom-
burg, Germany) was adjusted in steps of 5 mL/hr
depending on the postfilter ionized calcium with
the goal to have the latter in the range 0.25–0.35
mmol/L. The infusion of pharmacy-prepared
calcium chloride solution (91 mmol/L calcium
[8]) was similarly adjusted in steps of 5 mL/hr
according to the systemic ionized calcium
concentration to keep this parameter in the
normal range. Figure 1 gives an overview of
the setup of our CVVHD system.

The fine tuning of the acid–base status was
mostly done by changing the dialysis fluid
flow, where changes of 20% of the dialysis
fluid flow have been found to be usually ap-
propriate as was the case with our previous
protocol (8). Alternatively, the dialysis fluid
flow could be kept constant and the effect on
the acid–base status be modified by increasing
the citrate infusion whereby the parallel in-

Figure 1. Sketch of the citrate-continuous venovenous hemodialysis setup.

Table 1. Distribution of the 161 included patients in the three groups and predefined starting values
for blood, dialysate, citrate solution, and calcium solution flows; the net fluid removal was prescribed
as clinically required

Group 1 (Below
60 kg Body

Weight)

Group 2 (Between
60 and 90 kg
Body Weight)

Group 3 (Above
90 kg Body

Weight)

Number of patients included 19 97 45
Predefined starting values

Blood flow (mL/min)
80 100 120

Dialysate flow (mL/hr) 1500 2000 2500
Citrate solution flow (mL/hr; 4%

sodium citrate, containing 136
mmol/L citrate ions)

140 170 205

Calcium solution flow (mL/hr; 91
mmol/L calcium ions)

38 50 65
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crease of the blood flow keeps the regional
anticoagulation unchanged.

The treatment was performed using the
multiFiltrate (Fresenius Medical Care, Bad
Homburg, Germany) in combination with
two external infusion pumps for citrate and
calcium infusion. At the end of the study
period, the multiFiltrate Ci-Ca with inte-
grated citrate and calcium pumps was also
used. All treatments were done with the
AV600S hemofilter, a 1.4 m2 high-flux poly-
sulfone dialyzer.

On a six hourly basis, we documented re-
sults of blood gas analyses (for acid–base sta-
tus and systemic ionized calcium, sodium, po-
tassium, and lactate) and values of the
postfilter ionized calcium. As clinically re-
quired, we assessed bilirubin, total calcium, to-
tal magnesium, and phosphate concentrations
as well as blood cell counts on a daily basis.

Statistical Analysis. We tested, whether
adequate control on the acid– base status
can be achieved in the complete study pop-
ulation and whether there are differences
among the three groups. The base excess
(BE) after about 24-hour treatment was cho-
sen for the confirmative analysis; specifically
for each patient the value measured closest
to 24 hours after start of treatment, where only
values between 22 and 30 hours after treatment
start were accepted. The predefined analysis
contained two steps. In the first step of the
confirmative analysis, the median of the BE

was tested to be in the range of �3 mmol/L. It
was prespecified to accept this, if the respec-
tive 95% confidence interval is completely within
the mentioned interval. As a second step of the
confirmative analysis, the Kruskal-Wallis test was
used to search for group differences.

In addition to these confirmative statis-
tical analyses, we performed a descriptive
analysis of the data. When not specified oth-
erwise, continuous data are reported as me-
dian (interquartile range). For visualization
of time-dependent data, we linearly interpo-
lated data between two subsequent measure-
ments. As the variability over time of the
flows, flow ratios, and corresponding labo-
ratory parameters was low, we compared
these parameters statistically among groups
by using the median documented value per
patient. The Kruskal-Wallis test was used to
identify differences among the three studied
groups. The Wilcoxon’s signed rank test was
used to compare baseline data with the last
documented value. For all statistical tests, a
significance level of 5% was used.

RESULTS

Patients Characteristics. Table 2 shows
the patients’ characteristics in the three
groups. As expected, the body weight differs
significantly among groups. There is also a
difference in the gender distribution of the

groups, which is expected as gender and
body weight are typically linked.

Efficacy of the CRRT Protocol. Con-
cerning efficacy of the treatment, the
effluent flows applied in the three
groups are significantly different (com-
pare Table 3), as to be expected from
our protocol. A comparison of the cre-
atinine concentrations measured in the
three groups by analysis of variance
does not reach significance.

Table 4 shows a comparison for sev-
eral parameters between baseline and the
final value measured during the study
period. Most of the significant changes
are expected consequences of the CVVHD
treatment: the lowering of urea, creati-
nine, and potassium concentrations, and
the improvement in the acid–base status.

Acid–Base Status—Confirmative
Analysis. Favorable results were found
for the confirmative analysis regarding
acid–base control after 24 hours of ci-
trate anticoagulation. In the overall
group, BE was well controlled with a me-
dian of �0.4 (�2.7–1.5) mmol/L at 24
hours. The 95% confidence interval of
the median is �1.1 to 0.6 mmol/L, that
is, completely within the prespecified
range of �3 mmol/L. A comparison of the

Table 2. Number of patients, baseline acid–base status, baseline renal function, and etiology in each of the three groups and in all patients

All Group 1 Group 2 Group 3 p

n 161 19 97 45 —
Male 104 (65%) 4 (21%) 66 (68%) 34 (76%) —
Age (yrs) 69.8 (61.3–76.2) 75.1 (64.8–79.3) 71.1 (62.1–76.4) 66.3 (59.9–72.3) 0.046
Weight (kg) 80.0 (65.0–95.0) 55.0 (52.0–56.0) 75.0 (68.0–82.0) 100.0 (100.0–110.0) �0.001
Acute Physiology and Chronic Health

Evaluation II
28 (23–35) 27 (21–30) 29 (22–35) 28 (24–35) 0.52

Acid–base status at baseline
pH 7.36 (7.30–7.41) 7.35 (7.31–7.41) 7.37 (7.31–7.42) 7.33 (7.23–7.37) 0.006
Base excess (mmol/L) �2.7 (�6.1 to 0.7) �2.7 (�3.9 to 0.0) �1.1 (�4.6 to 1.8) �4.6 (�8.7 to �2.3) 0.001
Bicarbonate (mmol/L) 22.0 (19.3–25.0) 22.2 (20.3–24.1) 23.0 (20.0–25.7) 19.7 (17.4–22.3) 0.002
Lactate (mg/dL) 16 (11–40) 15 (13–21) 16 (10–34) 22 (11–77) 0.34

Renal function at baseline (mg/dL)
Urea 93 (62–141) 66 (56–85) 96 (70–141) 109 (65–155) 0.01
Creatinine 2.4 (1.6–3.4) 1.9 (1.2–2.9) 2.2 (1.6–3.4) 2.9 (2.0–3.8) 0.073

Hepatic function at baseline
Bilirubin (mg/dL) 1.0 (0.6–1.9) 0.7 (0.6–1.0) 1.3 (0.6–1.9) 0.7 (0.6–1.3) 0.29
Patients with bilirubin �1.5 and �5

mg/dL (n)
19 1 16 2 —

Patients with bilirubin �5 mg/dL (n) 6 1 4 1 —
Etiology of the acute renal failure

Cardiovascular failure
Septic 21 (13%) 2 (11%) 14 (15%) 5 (12%) —
Postsurgical 66 (42%) 10 (53%) 37 (39%) 19 (44%) —
Internistic 31 (20%) 2 (11%) 20 (21%) 9 (21%) —
Not specified in detail 3 (2%) 0 (0%) 2 (2%) 1 (2%) —

Prerenal 21 (13%) 1 (5%) 13 (14%) 7 (16%) —
Postrenal 4 (3%) 0 (0%) 3 (3%) 1 (23%) —
Not specified 10 (6%) 4 (21%) 5 (5%) 1 (23%) —

Due to rounding, the sum of the individual percentages of the different etiologies is not exactly 100%, continuous data are given as median (interquartile
range); indicated p values were determined by the Kruskal-Wallis test, significance indicates group differences.
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creatinine concentrations measured in
the three groups by analysis of variance
does not reach significance (p � 0.21).
Thus, both postulated hypotheses were
confirmed as expected. In addition, acid–
base control was tested using the same

criterion as for the overall study popu-
lation for the three groups separately.
For all the three groups, the 95% con-
fidence interval of the median BE after
24 hours of treatment was in the range
of �3 mmol/L.

Figure 2 shows the ratio dialysate-to-
blood-flow in combination with the BE as
a parameter for the acid–base status of
the patient. The results are similar for pH
and bicarbonate (data not shown). Statis-
tically, a difference in the acid–base con-
trol is present, with lower dialysate-to-
blood-flow ratios being used in lighter
patients and a slight metabolic acidosis in
the heaviest patient group (Table 3).

Figure 3 shows the incidence of met-
abolic acidosis and alkalosis over time.
After resolution of the initial metabolic
acidosis, the patients’ acid–base status
was well controlled with low and equal
percentages of metabolic acidosis and al-
kalosis episodes. Except for a higher fre-
quency of initial metabolic acidosis in
group 3, results were similar for the three
groups (data not shown).

Postfilter Ionized Calcium and Filter
Patency. The postfilter ionized calcium
as a measure of the citrate effect as well
as the citrate dose, which was defined as
the amount of citrate infused per liter
treated blood was stable with the same
levels in all three groups. There is no
indication for a group difference concern-
ing the regional citrate anticoagulation
(compare Table 3).

Of the 216 hemofilters documented,
the majority was stopped due to reaching
the scheduled filter lifetime (n � 86,
40%) or due to various non–CRRT-
related reasons, like discharge from the
intensive care unit, change to intermit-
tent dialysis, need for surgery, or death of
patients (n � 111, 51%). Ten filters (5%)
were stopped because of clotting. For the

Table 3. Median and interquartile range for four pairs of treatment parameter and laboratory value assessing the corresponding effect and the respective
change to baseline where appropriate

Group 1 Group 2 Group 3

pMedian Interquartile Range Median Interquartile Range Median Interquartile Range

Regional anticoagulation (mmol/L)
Citrate dose 3.97 3.53–4.02 3.85 3.74–3.97 3.87 3.74–3.97 0.88
Postfilter ionized calcium 0.275 0.261–0.310 0.282 0.269–0.300 0.292 0.266–0.310 0.71

Calcium homoeostasis (mmol/L)
Calcium dose 1.75 1.61–2.00 1.72 1.61–1.91 1.88 1.64–2.05 0.16
Systemic ionized calcium 1.157 1.114–1.173 1.159 1.134–1.181 1.166 1.133–1.195 0.22
Change of systemic ionized calcium vs.

baseline
�0.036 �0.068 to 0.022 0.026 �0.053 to 0.075 0.044 �0.040 to 0.109 0.28

Acid–base status
Dialysate-to-blood-flow ratio (%) 31.3 25.0–31.3 33.3 30.0–33.3 33.3 30.0–34.7 0.008

Base excess (mmol/L) 0.90 �1.40 to 2.10 0.60 �1.40–2.30 �1.25 �3.25 to 0.85 0.035
Change of base excess vs. baseline (mmol/L) 2.90 �2.20 to 4.90 1.60 �1.70 to 5.70 3.20 0.10–5.67 0.32
Continuous renal replacement therapy efficacy

Effluent flow (mL/hr) 1800 1734–1863 2259 1945–2327 2613 2335–2779 �0.001
Creatinine (mg/dL) 1.40 1.10–2.05 1.70 1.40–2.20 2.30 1.80–2.60 0.003
Change of creatinine vs. baseline (mg/dL) �0.43 �0.74 to �0.10 �0.45 �1.45 to �0.05 �0.45 �1.52 to 0.00 0.89

p value is determined by Kruskal-Wallis test is given, significance indicates a difference among the three investigated groups.

Table 4. Comparison of laboratory and clinical parameters at baseline with the final value recorded
during the study period, median (interquartile range) values, and Wilcoxon’s signed rank test has been
used for statistical comparison

Baseline End p

pH 7.36 (7.30–7.41) 7.41 (7.35–7.46) �0.00001
Base excess (mmol/L) �2.7 (�6.1 to 0.7) 1.2 (�2.2 to 2.8) �0.00001
Bicarbonate (mmol/L) 22.0 (19.3–25.0) 24.7 (22.1–26.9) �0.00001
PCO2 (mm Hg) 41 (35–46) 39 (34–44) 0.104
PO2 (mm Hg) 106 (85–130) 98 (78–122) 0.027
Lactate (mg/dL) 16 (11–40) 12 (9–19) �0.0001
Sodium (mmol/L) 139 (136–145) 140 (138–143) 0.046
Potassium (mmol/L) 4.7 (4.4–5.3) 4.4 (4.1–4.8) �0.00001
Systemic ionized

calcium (mmol/L)
1.13 (1.06–1.19) 1.15 (1.11–1.20) 0.061

Total calcium (mmol/L) 2.1 (1.8–2.2) 2.2 (2.1–2.4) �0.01
Total magnesium

(mmol/L)
0.9 (0.8–1.1) 0.8 (0.8–0.9) �0.0001

Phosphate (mmol/L) 1.52 (1.12–1.87) 0.92 (0.64–1.32) �0.001
Urea (mg/dL) 93 (62–141) 54 (41–74) �0.00001
Creatinine (mg/dL) 2.4 (1.6–3.4) 1.5 (1.1–2.0) �0.00001
Hematocrit (%) 30 (28–34) 31 (29–33) 0.802
Leukocytes (g/L) 14.4 (10.8–18.7) 14.7 (10.3–19.6) 0.850
Platelet count (g/L) 142 (85–199) 89 (53–160) �0.00001
Activated partial

thromboplastin time (s)
50 (42–62) 46 (41–56) �0.01

Quick (%) 61 (32–92) 71 (35–95) �0.00001
Total bilirubin (mg/dL) 1.0 (0.6–1.9) 1.1 (0.6–2.6) 0.748
Albumin (g/dL) 2.3 (1.8–2.6) 2.2 (1.9–2.6) 0.584
Total protein (g/dL) 4.8 (4.1–5.6) 5.0 (4.3–5.5) 0.731
Systolic blood pressure

(mm Hg)
110 (100–120) 120 (105–130) �0.01

Diastolic blood pressure
(mm Hg)

55 (45–60) 50 (50–60) 0.986

Heart rate (L/min) 90 (75–100) 90 (80–100) 0.351
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remaining nine filters (4%), reasons for
filter stopping were not available. The
filter lifetimes of all 216 hemofilters
and in the subgroup of the clotted he-
mofilters were 61.5 hours (34.5– 81.1
hours) (median, interquartile range)
and 43.7 hours (21.8 –50.1 hours), re-
spectively. When censoring the hemo-
filters discontinued for non–CRRT-
related reasons, the median filter
patency clearly exceeds the maximum
in-use time of 72 hours as specified by
the manufacturer, Figure 4.

Systemic Calcium and Signs for Citrate
Accumulation. The systemic ionized cal-
cium concentration and the calcium
dose, which is defined as calcium infu-

sion in mmol per liter generated effluent,
showed an evolution over treatment
time. In the initial treatment phase, a
slight decrease of the systemic ionized
calcium concentration was apparent (due
to the iatrogenic increase of the blood
citrate concentration and the chelating
effect of citrate with the circulating ion-
ized calcium). With the calcium substitu-
tion dose increasing to around 2.0
mmol/L, the systemic ionized calcium
concentration increased within the first
two treatment days toward the upper de-
sired range. Thereafter, the systemic ion-
ized calcium concentration was kept sta-
ble with the calcium dose lowered to
approximately 1.6 mmol/L.

The lowest measured systemic ionized
calcium concentration was 0.61 mmol/L
and was measured immediately after start
of the treatment in a patient with an
already low baseline concentration of
0.67 mmol/L. During the citrate-CVVHD,
the systemic ionized calcium concentra-
tion of this patient increased after several
increases of the calcium substitution ac-
cording to our protocol. There was also a
transient overcompensation with a sys-
temic ionized Ca concentration of 1.50
mmol/L and a total Ca concentration of
3.3 mmol/L after approximately 36 hours
of citrate-CVVHD. Thereafter, both the
ionized and the total Ca concentrations
stabilized in the respective normal ranges
after a further approximately 24 hours of
treatment. The patient had no liver fail-
ure and the short-time hypercalcemia
was an iatrogenic complication.

Two patients received an additional
calcium substitution shortly after start of
the citrate-CVVHD. This additional cal-
cium need was due to a slight increase of
the systemic citrate concentration in the
initial treatment phase, which is known
to lead to a slight drop of the systemic
ionized calcium concentration.

Citrate accumulation as a complica-
tion of a disturbed hepatic metabolism
was suspected both in case of an elevated
total calcium concentration and in case
of an unusually high calcium substitu-
tion need as judged by the calcium sub-
stitution per liter generated effluent. By
using empirically defined cutoff levels,
patients with a total calcium concentra-
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tion of 3 mmol/L or more (any measure-
ment within the study) and patients re-
ceiving �3 mmol calcium substitution
per liter generated effluent (at any time
point within the study) were evaluated in
more detail. We identified a total of eight
patients with suspected citrate accumu-
lation: one by elevated total calcium, six
by receiving high calcium substitution,
and one fulfilling both criteria. In only
two of these patients, citrate anticoagu-
lation was stopped and switched to hep-
arin anticoagulation. Both patients had a
multiorgan failure syndrome and a bili-
rubin value �5 mg/dL at baseline. All
other patients were continued with ci-
trate anticoagulation. Elevated calcium
concentrations in these patients did not
appear to be related to citrate accumula-
tion. In one patient, the systemic calcium
concentration increased at a standard cal-
cium infusion, potentially due to calcium
release from another compartment. In
the latter patient, a normalization was
achieved by reducing the calcium infu-
sion. In the remaining patients, calcium
concentration was transiently elevated
due to a too high calcium substitution
rate, which was not readily detectable by
the dialysis/intensive care unit staff in the
setup with external infusion pumps.

DISCUSSION

Management of the Acid–Base Status.
Changes in pH, BE, and systemic bicar-
bonate were basically in parallel and in-
dicate that an initial metabolic acidosis
has been resolved during the treatment

period. Correction of acid–base abnor-
malities is apparently a slow process,
which is complete only after about 2 days
(compare Fig. 2). This is congruent with
other studies. Rocktaschel et al (14), for
example, showed a trend to alkalosis dur-
ing a 3-day observation period when us-
ing a hemofiltration solution containing
46 mmol/L lactate in continuous veno-
venous hemofiltration. This slow process
is plausible as the distribution volume of
bicarbonate, which is the quantitatively
dominating physiologic buffer base, is in
the magnitude of the total body water and
thus exceeds by far the hourly applied
CRRT dose (15).

In our protocol, control of acid–base
status can be achieved not only by adapting
the dialysate flow but also by modifying the
blood flow (in certain limits). In patients
with metabolic acidosis where a reduction
of the CRRT dose is not desired, it would be
possible to increase the blood flow in par-
allel with the citrate solution flow. Thus,
more citrate would be systemically infused
and, after metabolization, contribute to the
correction of the metabolic acidosis.

Anticoagulation. As theoretically ex-
pected, the required citrate flow was pro-
portional to the blood flow. In this study,
a median citrate dose of 3.87 mmol
(3.74–3.97) citrate per liter treated blood
was required. After finding the correct
citrate dose for each patient in the first
hours of the treatment, little further
changes of the citrate flow were needed.

Adjusting the citrate dose according to
the goal of a postfilter ionized calcium in
the range between 0.25 and 0.35 mmol/L

had already been shown to provide excel-
lent filter lifetimes (6). This was again con-
firmed in this study. Excellent filter life-
times have been reported in many citrate
anticoagulation protocols with similar ci-
trate doses (16, 17).

We did see a slight decrease of the
platelet count during the application of
our citrate-CVVHD protocol. This is not
unusual during CRRT (18) and might be
explained by the action of the roller
pumps used to circulate the blood in the
extracorporeal circuit.

Calcium Balance. Our protocol allows
to titrate the systemic ionized calcium val-
ues as clinically required or desired. Be-
cause our dialysate contains no calcium,
the amount of calcium needed to be sub-
stituted is directly linked to the dialysate
flow (8). We aimed for a systemic ionized
calcium concentration in the normal
range, which was easily achieved and main-
tained during the study. An initial dip in
the ionized calcium usually occurs during
citrate anticoagulation and is due to the
chelating effect of the infused citrate on
circulating calcium ions (8). We observed a
slight increase in the total calcium from
baseline to the end of the study. Plausible
reasons for this increase are: 1) net infusion
of calcium, because most of the patients
were hypocalcemic before citrate anticoag-
ulation and 2) increased amount of circu-
lating Ca-citrate complexes due to the ci-
trate infusion, which leads to an elevation
of the citrate blood level (19).

CRRT Efficacy. Although it is obvious
that the CRRT dose should be adapted to
the size of the patient, the scaling method
is not completely clear. Although in adults
dosing is generally based on body weight (7,
20), pediatricians prefer to scale propor-
tional to body surface area (11, 12). This
scaling method is based on the fact that
metabolic processes, including the genera-
tion of renally excreted waste products,
have empirically been found to scale clearly
better proportional to body surface area
compared with body weight (10), thus en-
abling a better and more flexible adaptation
of the treatment efficacy to patients’ need.
We decided to use the surface area-based
scaling approach and were able to realize
the desired treatment efficacy correspond-
ing to 2000 mL/hr in a 70-kg patient. In
case that even higher treatment efficacies
or doses are desired, it can be realized by
proportionally increasing the following
four flows: blood flow, dialysate flow, ci-
trate, and calcium solution flows. By doing
so, dialysate flow rates up to 4000 mL/hr
can be safely used in critically ill patients
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without running a higher risk for meta-
bolic disarrangements (Kindgen-Milles D,
unpublished observation).

Safety. We observed a slight reduction
of plasma magnesium into the lower nor-
mal range as well as a drop of the plasma
inorganic phosphate concentration. Some-
times the latter required phosphate substi-
tution. These findings are in line with the
electrolyte balance studies by Tan et al (26).
Effective CRRT therapy is associated with
substantial phosphate loss into the effluent,
which often requires substitution to avoid
adverse clinical effects due to hypophos-
phatemia. Tan et al observed a neutral
magnesium balance with 0.75 mmol/L
magnesium in the substitution solution.
However, citrate does not only build com-
plexes with calcium but also with magne-
sium. This leads to a shift of magnesium
from nondiffusible protein complexes to
diffusible citrate complexes. As a conse-
quence hypomagnesemia might occur. We
think that in our protocol, despite the 0.75
mmol/L magnesium in the dialysate, a
slightly negative magnesium balance had
occurred that led to a stabilization of the
plasma magnesium concentration in the
low normal range.

We observed a low frequency of citrate-
CVVHD–specific treatment complications.
Of note, only a minority of the patients
developed signs of citrate accumulation
who required a modification or discontin-
uation of the CVVHD treatment. In some
patients, we observed a transient hypercal-
cemia. This could retrospectively be traced
back to a calcium substitution that over-
compensated the calcium removal with the
effluent resulting in a positive calcium bal-
ance and increasing calcium concentra-
tions. At that time, we used an external
calcium pump and had to choose the cal-
cium substitution as calcium flow. Thus,
the calcium dose that is calcium substitu-
tion in relation to the effluent flow was not
directly available. This value might well
have been useful in avoiding a mismatch of
the calcium substitution.

Nevertheless, we would like to stress that
particularly patients with liver failure are at
risk of citrate accumulation and toxicity. We,
therefore, recommend to be cautious with
the use of citrate anticoagulation in these
patients. A close monitoring of the ionized
calcium and total calcium is mandatory.

To further increase the safety of the
treatment, an integration of the citrate and

calcium pumps into the CRRT device is
required. This enables not only safety fea-
tures like automatic stop in case of alarms
but also enables the possibility to select all
treatment parameters on a single-user in-
terface. This, in turn, is a prerequisite to
implement the parameters citrate dose and
calcium dose, which clearly eases treatment
prescription as they are largely independent
of the prescribed efficacy level, and, thus, fur-
ther increases safety. Similarly, prefixed con-
nections of citrate and calcium lines close to
the catheter connections can safely avoid
mixing up of these lines in case the catheter is
connected in reverse way. The multiFiltrate
Ci-Ca used at the end of this study includes
these safety features.

CONCLUSION

We have shown that our citrate antico-
agulation protocol can safely be applied at
different CVVHD doses. This enabled an
effective treatment of acute renal failure
and excellent control on the acid–base sta-
tus as well on the systemic ionized calcium
in combination with negligible clotting is-
sues. Furthermore, our results have impor-
tant implications for a safe implementation of
citrate anticoagulation on a CRRT device.
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