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Objectives: To investigate pharmacokinetics and metabolism
of sodium citrate in critically ill patients. To determine the risk of
citrate accumulation in the setting of liver dysfunction (cirrhosis,
hepatorenal syndrome).

Design: Prospective cohort study.

Setting: Intensive Care Unit, Department of Medicine IV, Uni-
versity Hospital Vienna.

Patients: Consecutive critically ill cirrhotic (n = 16) and non-
cirrhotic patients (n = 16).

Interventions: Infusion of sodium citrate (0.5 mmol-kg~"-hr™")
and calcium chloride (0.17 mmol-kg~"-hr~") for 2 hrs. Analysis of
serial arterial blood samples.

Measurements and Main Results: Total body clearance of
citrate was normal in noncirrhotic critically ill patients but sig-
nificantly reduced in cirrhotic patients (710 vs. 340 mL/min, p =
.008). Citrate peak concentrations and concentration over time
were increased by 65% and 114% in cirrhotic patients (p < .001),
respectively; volumes of distribution were similar. Net metabolic
changes were quantitatively similar, with pH and plasma bicar-

bonate concentrations increasing more slowly in cirrhotic pa-
tients. No citrate-related side effects were noted. Citrate clear-
ance could not be predicted by standard liver function tests and
was not appreciably influenced by renal function and Acute
Physiology and Chronic Health Evaluation Il scores.

Conclusions: This first systematic study on citrate pharmaco-
kinetics and metabolism in critically ill patients confirms a major
role of hepatic citrate metabolism by demonstrating reduced
citrate clearance in cirrhotic patients. Pharmacokinetic data could
provide a basis for the clinical use of citrate anticoagulation in
critically ill patients. Provided dose adaptation and monitoring of
ionized calcium, citrate anticoagulation seems feasible even in
patients with decompensated cirrhosis. Metabolic consequences
of citrate infusion were not different between groups in this study
but may be more pronounced in prolonged infusion. (Crit Care
Med 2003; 31:2450-2455)
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egional anticoagulation with

sodium citrate acts by chelat-

ing calcium in the extracorpo-

real circulation and is increas-
ingly recognized as an alternative to
heparin in critically ill patients with a
high risk of bleeding (1-3). Citrate re-
duces hemorrhage and improves patency,
clearance rates, and biocompatibility of
hemofilters, (4) mainly due to a reduced
activation of systemic and dialyzer coag-
ulation (5, 6). Inhibition of calcium-
mediated activation of inflammatory cells
in the extracorporeal circuit might confer
additional benefits (7). For instance, citrate
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could prevent disseminated intravascular
coagulation, which is a frequent complica-
tion in patients with liver failure on extra-
corporeal detoxification (8). In chronic he-
modialysis, the use of citrate prevents
heparin-induced thrombocytopenia, hyper-
lipidemia, osteoporosis, and alopecia (9).

Under physiologic circumstances, ci-
trate undergoes rapid metabolism, which
occurs mainly in the liver and to a lesser
extent in other tissues such as skeletal
muscle and renal cortex (10). In critically
ill patients, pharmacokinetics of exoge-
nous citrate are unknown so far. How-
ever, impaired citrate metabolism has
been described in patients with acute
liver failure (11, 12) and during the an-
hepatic phase of liver transplantation (13,
14). Tt is unknown whether critically ill
cirrhotic patients are at risk of citrate
accumulation.

This study tested the hypothesis that
citrate metabolism would be impaired in
critically ill cirrhotic patients. As a fur-
ther goal, we investigated citrate pharma-
cokinetics and metabolic implications to

provide a basis for the clinical application
of citrate anticoagulation in critically ill
patients. Finally, we investigated whether
citrate clearance could be predicted from
routine variables of hepatic function.

MATERIALS AND METHODS

Patients. Inclusion criteria for the study
were admission to the intensive care unit, age
19-75 yrs, and presence of cirrhosis (cirrhotic
group) documented either by histology or by
the typical clinical criteria of coagulopathy,
splenomegaly, ascites, and esophageal or gas-
tric varices. As a control group, consecutive
critically ill patients without cirrhosis or rel-
evant hepatic dysfunction were evaluated. Ex-
clusion criteria for both groups were marked
alkalosis (pH >7.55), blood or plasma trans-
fusion within 48 hrs before study, ionized hy-
pocalcemia (Ca?™ <0.95 mmol/L), lactic aci-
dosis, hemodynamic instability requiring
vasopressor support, and use of citrate-
containing medications. All patients received
central venous and arterial catheters. Electro-
cardiogram was continuously monitored to
record heart rate and detect hypocalcemia-
induced arrhythmia. The study protocol was
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approved by the Ethics Committee of the Vi-
enna Medical School, and informed consent
was obtained from patients or their next of
kin.

Citrate and Calcium Infusions. Trisodium
citrate (0.5 mol/L [147.05 g/L]; Maierhofer
Pharma, Linz, Austria) was infused via a cen-
tral catheter at 0.5 mmol-kg™1-hr™! for 2 hrs
to achieve steady-state conditions. CaCl, (0.5
mol/L, Maierhofer Pharma, Linz, Austria) was
administered via a separate lumen at 0.17
mmol-kg L-hr~!. This dose, which exceeds
current recommendations, (15) was chosen to
safely prevent hypocalcemia given reduced
plasmatic calcium stores in critically ill and
cirrhotic patients. No patient required cal-
cium supplementation after the end of infu-
sion.

Arterial blood samples were obtained at
baseline and after 10, 20, 40, 60, 120 (end of
infusion), 125, 130, 140, 160, 180, 210, and
240 mins. Blood gas samples were collected in
a lithium heparin syringe and immediately
processed by a ABL 700 (Radiometer Copen-
hagen, Brgnshgj, Denmark) for blood gas,
electrolytes, and ionized calcium analysis
(Ca%* ion selective electrode). Baseline rou-
tine blood chemical values were measured by a
Hitachi Autoanalyzer (Roche Diagnostics,
Mannheim, Germany), and full blood counts
were measured by a Sysmex Hematology An-
alyzer (TAO Medical Electronics Company,
Kobe, Japan). Serum aliquots were stored at
—30°C until further analysis. Citrate concen-
trations were measured using a commercially
available test kit (citrate lyase ultraviolet
method, R-Biopharm, Darmstadt, Germany)
(16). Total calcium concentrations at 0, 20, 60,
120, 130, 160, and 240 mins were measured
photometrically using an Integra 700 (Roche
Diagnostics, Mannheim) in a proportion of
samples (n = 60).

Pharmacokinetic Calculations. Pharmaco-
kinetic analysis was performed with a com-
puter program (Kinetica 2.0; Innaphase Sarl,
Paris, France) using noncompartmental ap-
proaches. Baseline plasma concentrations of
citrate were set to zero. Area under the con-
centration time-curve was calculated from
nonfitted data by employing the linear trape-
zoidal rule. The start time for calculation of
the smallest (slowest) disposition rate con-
stant (Lz) was set to 120 mins. The following
main pharmacokinetic variables were deter-
mined: area under the concentration time
curve from 0 to 4 hrs (AUC), maximum con-
centration (C,,.,), time to maximum concen-
tration (t.,,), and the half-life calculated for
the terminal slope (T,,). Citrate clearance and
the apparent volume of distribution (Vd,) and
volume of distribution at steady state (Vd,)
were calculated by use of standard procedures.
The apparent volume of distribution (Vd,) was
calculated by the equation Vd, = dose X Lz
/AUC. Vd, was calculated by the equation Vd
= dose X MRT/AUC, where MRT represents
the mean residence time of a molecule.
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Data Analysis. Data are presented as mean
(sp) unless indicated otherwise. We considered
p < .05 (two-tailed test) to be statistically
significant. Normal distribution of samples
was tested with the Kolmogorov-Smirnov test.
Comparison between groups was performed
using Student’s #-test or Mann Whitney U test
(according to data distribution) and Fisher’s
exact test for categorical variables. The ratio of
total to ionized calcium (Ca,,/Ca**) was cal-
culated for a proportion of samples in both
groups (n = 60). The influence of potential
confounding variables (Acute Physiology and
Chronic Health Evaluation II, creatinine
clearance) on pharmacokinetic results (AUC,
citrate clearance) was investigated with a lin-
ear regression model. We also investigated
whether citrate clearance could be predicted
by routine tests of liver function using a step-
wise linear regression model.

RESULTS

Baseline Characteristics. Clinical
characteristics of both groups of patients
are represented in Table 1. Causes of in-
tensive care unit admission in cirrhotic
patients were pneumonia (n = 3), hemo-
dynamic monitoring after gastrointesti-
nal bleeding (n = 3), hepatorenal syn-
drome (n = 5), and pulmonary edema,
hepatic encephalopathy, urosepsis, acute
renal failure, or osteomyelitis (n = 1
each). Twelve cirrhotic patients were me-
chanically ventilated. Nine patients had
moderate ascites; two patients had tense
ascites. Noncirrhotic control patients
were admitted due to cardiopulmonary
resuscitation (n = 4), pneumonia, car-
diac decompensation, acute renal failure
(n = 3 each), open heart surgery, sepsis,
and pulmonary embolism (n = 1 each).
All control patients were mechanically
ventilated. Blood pressure was not differ-
ent between groups; heart rate was in-
creased in cirrhotic patients (Table 1).

Details of blood chemistry and hema-
tologic variables are represented in Table
2. As expected, baseline concentrations of

Table 1. Clinical characteristics of study population

bilirubin and lactate were increased and
coagulation tests were impaired in cir-
rhotic patients. Plasma concentrations of
aspartate aminotransferase were in-
creased in the noncirrhotic group, but
there was no difference in alanine amino-
transferase concentrations, blood gas
analysis, acid-base state, electrolyte con-
centrations, and variables of renal func-
tion. In the control group, all but one
baseline concentration of citrate were
within the normal range (<0.17 mmol/L)
(17). In contrast, all cirrhotic patients
showed increased citrate concentrations
at baseline (Table 3).

Citrate Pharmacokinetics. Main phar-
macokinetic results are provided in Table
3. Citrate serum concentrations during
and after the infusion of sodium citrate
are represented in Figure 14. Compared
with control patients, citrate concentra-
tions were increased at baseline, at 120
mins (60%), and at end of the study
(287%), contributing to a significant dif-
ference in AUC (115%, Table 3). Accord-
ingly, steady-state clearance of citrate
was reduced (48% of controls) and Ty,
was prolonged in cirrhotic patients (69
vs. 36 min, Table 3). No difference in
Tmaw Var and Vg was observed. Citrate
clearance could not be predicted with suf-
ficient accuracy from standard liver func-
tion tests. Stepwise linear regression did
not identify an appreciable influence of
creatinine clearance and Acute Physiol-
ogy and Chronic Health Evaluation II
scores on citrate clearance.

Calcium Concentrations. Total and
ionized calcium concentrations at base-
line were similar (Table 2). Also the in-
crease in total calcium concentrations at
2 and 4 hrs was not different between
cirrhotic (1.0 and 0.6 mmol/L, respec-
tively) and noncirrhotic patients (0.9 and
0.6 mmol/L, respectively, p = nonsignif-
icant). Ca®" tended to be lower in cir-

Cirrhotic Patients Control Group p Value
Age, yrs 55 = 10 59 + 17 45
Sex, male/female 6/10 7/9 1.00
Weight, kg 77 =21 72 =10 40
Heart rate 102 = 21 82 =19 .01
Mean blood pressure 79 = 17 85 + 17 .35
Urine output, mL/day 1655 + 1050 2290 + 603 27
Creatinine clearance, mL/min 71 =74 67 = 61 .89
APACHE 1I score 18 £ 8 189 .95
APACHE, Acute Physiology and Chronic Health Evaluation.
Data are represented as mean *+ SD.
2451
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Table 2. Baseline laboratory characteristics

Normal Cirrhotic Control
Range Patients Group p Value
Glucose, mg/dL 76-110 172 = 37 148 + 32 .05
Bilirubin, mg/dL 0.2-1 13.2 £ 133 19238 .004
Albumin, g/L 34-48 23+ 4 24 +5 .60
Alanine aminotransferase, U/L 0-18 20 =18 57 £55 .02
Aspartate aminotransferase, U/L 0-23 38 £ 24 46 + 47 .55
Lactate dehydrogenase, U/L 120-140 259 + 137 442 + 358 .07
Hemoglobin, g/dL 12-18 93+ 1.1 101+ 14 .10
Platelets, G/L 150-350 71 * 40 139 + 100 .02
White blood cells, G/L 4-10 10.1 =44 12+7 72
Prothrombin time index, % 75-140 25+ 14 64 + 18 <.001
APTT, sec 27-41 59 + 16 42 + 9 .001
Fibrinogen, mg/dL 180-390 192 + 102 470 = 173 <.001
pH 7.35-7.45 7.422 + 0.061 7.437 + 0.087 .58
Paco,, mm Hg 35-45 36+8 41+ 11 12
Pao,, mm Hg 82-100 72 + 15 85 + 23 .07
Base excess *4 —-0.8 4.9 2.8 £6.9 .10
Standard bicarbonate, mmol/L 18-23 24+ 4 27+ 6 .09
Sodium, mmol/L 135-145 141 +9 142 + 6 .96
Potassium, mmol/L 3.5-5.5 3.6 0.5 4.0+ 0.6 34
Total calcium, mmol/L 2.10-2.65 2.0 0.2 1.9 =02 .09
Ca®*, mmol/L 1.14-1.28 1.12 + 0.14 1.09 + 0.11 53
Lactate, mmol/L 1.0-2.4 29+12 1.7+ 1.0 .005
Creatinine, mg/dL 0.5-1.3 1.8 +1.2 1.3+0.8 18
APTT, activated partial thromboplastin time.
Data are represented as mean * SD.
Table 3. Citrate pharmacokinetics
Cirrhotic Patients Control Group p Value
Total dose, mmol 77 £ 21 72 10 40
Chaselines Mmol/L 0.51 = 0.13 0.06 = 0.13 <.001
Crnaxy Mmol/L 1.60 += 0.50 1.01 = 0.39 .007
T naxe MINS 115 + 12 114 + 16 .93
AUC, mmol X min/L 282 =130 131 + 68 <.001
ty,2, Mins 69 + 33 36 =18 .001
Vd, 27+9 29 =10 .52
Vd,, 23+ 6 216 34
Clearance, mL/min 340 = 185 710 = 397 .002

Chaselines Daseline concentration; C,,,,, maximum concentration; T, .., time to maximum concen-
tration; AUC, area under the concentration time curve; t,,, citrate half life, Vd,, apparent volume of
distribution; Vd,, volume of distribution at steady state.

Data are represented as mean =+ SD.

rhotic patients throughout infusion (Fig.
1B), but this was not associated with clin-
ical symptoms. Ca,,,/Ca®* ratio reflecting
the relation of protein-bound and citrate-
chelated to free calcium was significantly
correlated with citrate concentrations in
both cirrhotic (R = .50, p < .001) and
noncirrhotic patients (R = .62, p < .001).
Nonetheless, a Ca,,/Ca®* ratio >2.5
identified only three of 15 samples with
citrate concentrations >1.5 mmol/L in
cirrhotic and none of two such samples in
control patients.

Metabolic Effects. Acid-base status at
baseline was comparable between groups
(Table 2). Plasma bicarbonate and pH in-
creased more readily in noncirrhotic pa-
tients (Fig. 1, C and D), whereas net pH
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changes over the whole study period were
not different between groups (0.032 in
cirrhotic and 0.036 in noncirrhotic pa-
tients, p = nonsignificant, Fig. 1D). The
incidence of moderate (pH >7.45) or se-
vere alkalosis (pH >7.50) during and af-
ter infusion was not different between
cirrhotic patients (nine and three pa-
tients, respectively) and controls (13 and
six patients, respectively, p = nonsignif-
icant).

DISCUSSION

This study provides the first data on
citrate pharmacokinetics and metabolism
in critically ill patients. Our data demon-
strate that citrate clearance is impaired in

cirrhotic relative to noncirrhotic criti-
cally ill patients and confirm the major
role of hepatic citrate metabolism. Net
metabolic effects of citrate were quanti-
tatively similar in the two groups, al-
though bicarbonate and pH increased
more readily in noncirrhotic patients.
These effects reflect impaired citrate me-
tabolism in cirrhosis and may be more
pronounced in long-term or continuous
citrate infusion. No citrate-related side
effects were observed, confirming that ci-
trate toxicity occurs exclusively in the
setting of ionized hypocalcemia (13).
Consequently, provided close monitoring
of Ca®* and substitution of calcium, re-
gional citrate anticoagulation seems fea-
sible even in patients with advanced cir-
rhosis, although optimal citrate dose in
this setting remains to be defined by ad-
ditional studies (18).

Citrate anticoagulation is theoretically
very attractive for patients with hepatic
failure since it effectively reduces the
substantial risk of bleeding associated
with heparin anticoagulation for extra-
corporeal therapies in these patients. In
cirrhotic patients, the use of heparin ad-
ditionally is hampered by low concentra-
tions of antithrombin III, which fre-
quently leads to a coincidence of
extracorporeal clotting and clinical bleed-
ing (19). The potential clinical risk and
metabolic implications of regional citrate
anticoagulation in cirrhosis are un-
known, which has prevented its clinical
use (20). Because clinical symptoms of
hypocalcemia are not reliable in critically
ill patients, (21) citrate pharmacokinetics
are required (22, 23). It is important to
recognize that noncirrhotic critically ill
patients metabolized citrate at rates com-
parable to stable outpatients undergoing
therapeutic apheresis (11). In contrast,
citrate baseline and peak concentrations,
AUC, and elimination half-life were in-
creased in cirrhotic patients, with clear-
ance rates of only 48% relative to con-
trols (Table 3). Single-dose and steady-
state volumes of distribution were not
different between groups. Citrate clear-
ance rates in cirrhotic patients were still
considerably higher than reported for a
small group of patients with fulminant
hepatic failure (11). Notably, clinical tox-
icity has been reported exclusively in pa-
tients with fulminant hepatic failure or
during the anhepatic phase of liver trans-
plantation (12-14).

In both groups of patients, citrate
pharmacokinetics could not be predicted
by standard laboratory variables of he-

Crit Care Med 2003 Vol. 31, No. 10
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Figure 1. Comparison of cirrhotic (filled circles) and noncirrhotic (open circles) critically ill patients with respect to concentrations of citrate (A), ionized
calcium (B), standard bicarbonate (C), and blood pH (D) during and after a 2-hr infusion of sodium citrate (0.5 mmol-kg~'-hr~') and calcium chloride (0.17
mmol-kg~1-hr ™). Data are represented as mean * Sp

patic function (which certainly cannot
fully represent the complex metabolic
functions of the liver). All cirrhotic pa-
tients but only a single control patient
showed increased baseline concentra-
tions of citrate, which is a new and inter-
esting observation. Since patients receiv-
ing blood products and citrate-containing
medication were excluded, effects of ex-
ogenous citrate load are unlikely. Analyt-
ical interference with bilirubin also can
be excluded (r* = .08, p > .60). Thus,
impaired hepatic metabolism of endoge-
nous citrate or—Iless likely—increased
endogenous citrate production in cir-
rhotic patients could explain the differ-
ence.

Meier-Kriesche and colleagues (24) re-
cently reported that a Ca,/Ca?* ratio
>2.5 predicted an increased risk of sub-
sequent hypocalcemia due to citrate ac-
cumulation in critically ill patients on

Crit Care Med 2003 Vol. 31, No. 10

citrate hemofiltration. In the current
study, a Ca,,/Ca®" ratio >2.5 identified
only three of 15 samples with citrate con-
centrations >1.5 mg/dL in cirrhotic and
none of two such samples in control pa-
tients. Thus, increased Ca,/Ca®* ratios
could not reliably identify citrate accu-
mulation in this short-term experiment.
This can be partially explained by the
unusually high calcium supplementation
in this study and moderate peak concen-
trations of citrate (Table 3). Nonetheless,
a significant correlation between Ca,,/
Ca®?* and serum citrate concentrations
advocates the use of Ca,/Ca®" unless
citrate measurement becomes routinely
available.

Although conversion of citrate to bi-
carbonate was delayed in cirrhotic pa-
tients, net effects on systemic pH did not
differ significantly between groups. Both
groups of patients developed only mild

metabolic alkalosis secondary to citrate
metabolism (Fig. 1D). It seems notewor-
thy that bicarbonate generation from ci-
trate could be insufficient for metabolic
control in severely acidotic cirrhotic pa-
tients. In contrast to high-flux hemodial-
ysis, citrate clearance by hemofiltration
(as the method of choice in critically ill
patients) rarely exceeds 20%. Citrate-
based hemofiltration therefore may ac-
count for a citrate load of up to 40
mmol/hr (25). Nonetheless, there are sev-
eral reports that such treatment was per-
formed without complications in patients
with hepatic failure (4). The mean citrate
load in our study compares to that of
high-flux citrate hemodialysis assuming
50% dialytic clearance or transfusion of
approximately 18 units of packed red
blood cells anticoagulated with CPDA-1
(6). It is important to point out that, due
to reduced plasmatic calcium pools in

2453
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rovided citrate in-
fusion rates are
adapted and ion-
ized calcium is monitored,
citrate  anticoagulation
seems feasible in patients
with advanced cirrhosis,
where the advantages com-
pared with heparin are

obvious.

hypoalbuminemic patients, close moni-
toring and sufficient initial substitution
of Ca?" are mandatory to prevent hy-
pocalcemia. With increasing release of
Ca®* from metabolized citrate, Ca®* in-
fusion rates may be reduced. Considering
these precautions, citrate anticoagulation
seems feasible even in advanced cirrhosis.

Considering these precautions, citrate
anticoagulation seem feasible even in ad-
vanced cirrhosis. We are currently evalu-
ating the clinical application of citrate-
based high-flux hemodialysis and have
not observed any complications in 11 pa-
tients with hepatorenal failure treated so
far. In continuous treatment, citrate dose
should be possibly reduced to prevent ac-
cumulation and metabolic derangement
in cirrhotic patients. Clearly, more clini-
cal data are required to clarify this issue.

The short duration of citrate infusion
is a limitation of the current study, which
was primarily designed for pharmacoki-
netic investigation. It is conceivable that
metabolic alkalosis will be more pro-
nounced in long-term use. Patients with
hemodynamic instability (excluded in
this study for safety reasons) theoretically
could demonstrate a more pronounced
impairment of citrate metabolism due to
failure of microcirculation and oxidative
metabolism in conditions such as lactic
acidosis and septic shock. Similarly, im-
paired muscular utilization of citrate
could contribute to abnormal citrate me-
tabolism in advanced cirrhosis with ca-
chexia or patients on high doses of vaso-
pressors. Finally, exogenous citrate from
blood products could aggravate citrate
accumulation and necessitate additional
calcium supplementation and/or reduc-

2454

tion of citrate infusion rates in cirrhotic
patients. There was no appreciable im-
pact of renal function on citrate clear-
ance. According to published literature, a
stepwise decrease in the filtered load of
citrate occurs with decreasing GFR,
whereas renal clearance of citrate is sig-
nificantly reduced only at higher degrees
of renal failure (26). Urinary citrate clear-
ance has been reported to be only 19 + 9
mL/min in healthy persons (17).

In summary, this study demonstrates
that citrate clearance is significantly im-
paired in cirrhotic relative to noncir-
rhotic critically ill patients. Short-term
metabolic effects were largely comparable
to those occurring in noncirrhotic pa-
tients, and no adverse events were ob-
served. Citrate metabolism was not con-
founded by renal function or severity of
multiorgan failure and seems to be deter-
mined predominantly by hepatic func-
tion. Standard liver function tests were
unable to predict citrate clearance. Pro-
vided citrate infusion rates are adapted
and ionized calcium is monitored, citrate
anticoagulation seems feasible in patients
with advanced cirrhosis, where the ad-
vantages compared with heparin are ob-
vious. More data on the clinical applica-
tion of citrate anticoagulation in liver
failure are awaited.
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