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WHAT IS ALREADY KNOWN ABOUT

• Critical illness can influence the
pharmacokinetics of many drugs.

• This may include the protein binding of

• It is assumed that this leads to high drug
clearance, low plasma concentrations and
therapeutic failure.

WHAT THIS STUDY ADDS
• Protein binding of ceftriaxone is reduced in
intensive care unit (ICU) patients, not only
because of hypoalbuminaemia.

ƒT>MIC.
• Plasma albumin concentrations and in vitro
binding data from healthy volunteers
cannot be used to predict unbound
concentrations of ceftriaxone correctly in
ICU patients.
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THIS SUBJECT

AIMS
The aim of the present study was to assess the pharmacokinetics of
total and unbound ceftriaxone in intensive care unit (ICU) patients and
its protein binding characteristics.
highly bound drugs such as ceftriaxone.

METHODS
Twenty patients (m/f 15/5, age 25–86 years, body weight 60–121 kg,
APACHE II 7–40, estimated glomerular filtration rate 19–157ml min–1,
albumin 11.7–30.1 g l–1, total bilirubin <0.1–36.1mg dl–1) treated with
intravenous ceftriaxone were recruited from two ICUs. Timed plasma
samples were obtained using an opportunistic study protocol. Ceftri-
axone concentrations were determined by high-performance liquid
chromatography; unbound concentrations were determined after ul-
trafiltration using a newmethod which maintains physiological pH and
temperature. The pharmacokinetics was described by a one-
compartment model, the protein-binding characteristics by Michaelis–
Menten kinetics.
• This does not impair the attainment of the

pharmacokinetic/pharmacodynamic target
 RESULTS
For total drug, the volume of distribution was 20.2 l (median;
interquartile range 15.6–24.5 l), the half-life 14.5 h (10.0–25.5 h) and the
clearance 0.96 l h–1 (0.55–1.28 l h–1). The clearance of unbound drug
was 1.91 l h–1 (1.46–6.20 l h–1) and linearly correlated with estimated
glomerular filtration rate (slope 0.85, y-intercept 0.24 l h–1, r2 = 0.70).
The unbound fraction was higher in ICU patients (33.0%; 20.2–44.5%)
than reported in healthy volunteers, particularly when renal impair-
ment or severe hyperbilirubinaemia was present. In all patients, un-
bound concentrations during treatment with ceftriaxone 2 g once daily
remained above the EUCAST susceptibility breakpoint (≤1mg l–1)
throughout the whole dosing interval.
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CONCLUSIONS
Protein binding of ceftriaxone is reduced and variable in ICU patients
due to hypoalbuminaemia, but also to altered binding characteristics.
Despite these changes, the pharmacokinetics of unbound ceftriaxone
is governed by renal function. For patients with normal or reduced
renal function, standard doses are sufficient.
Introduction

The pharmacokinetic properties of many drugs can be
severely altered in special populations such as intensive
care unit (ICU) patients [1]. Expansion of the extracellular
space by aggressive fluid resuscitation and dysfunction
of the eliminating organs are probably the most impor-
tant factors, but changes in plasma protein binding
may also contribute [2]. Although the worldwide spread
of extended-spectrum beta-lactamase-producing En-
terobacteriaceae has somewhat limited its usefulness,
ceftriaxone has still many indications, mainly in the treat-
ment of severe community-acquired infections such as
pneumonia, meningitis or intra-abdominal infections.

A particular feature of ceftriaxone is its long elimination
half-life due to extensive binding to plasma proteins [3].
Both elimination and antimicrobial activity are limited to
the small unbound fraction of the drug. As the relevant
pharmacokinetic/pharmacodynamic (PK/PD) index of
beta-lactams such as ceftriaxone is the cumulative percent-
age of a 24-h period that the free/unbound drug concen-
tration exceeds the minimal inhibitory concentration
(MIC) at steady state (ƒT>MIC) [4], this behaviour may be ad-
vantageous because sustained concentrations above the
MIC are preferable to a high peak and then rapidly decreas-
ing concentrations. Direct determination of unbound con-
centrations is technically demanding and often not
carried out. An alternative is determination of total concen-
trations, and calculation of unbound concentrations using
either fixed or model-predicted ratios [5]. However, this ap-
proach is most problematic in a special population like crit-
ically ill patients when data on protein binding are imputed
from healthy volunteers or even preclinical models [6], as
the observation of low total concentrations and the
assumption of a low unbound fraction (as in healthy
volunteers) may erroneously lead to the conclusion that
unbound concentrations are insufficient.

In recent works, we demonstrated that inconsis-
tencies reported on unbound drug concentrations of
vancomycin and ertapenem are partially due to technical
shortcomings of the methods employed [7, 8]. We devel-
oped a robust ultrafiltration method, which was also val-
idated in vitro for ceftriaxone [9]. In the present study, we
applied this method to describe the plasma pharmacoki-
netics of unbound ceftriaxone and its protein-binding
characteristics in ICU patients.
Methods

Patients and clinical samples
The present study included patients from a medical ICU
at the University Hospital Regensburg, Germany, and
from the surgical ICU of the Charité Universitätsmedizin
Berlin – Campus Benjamin Franklin, Berlin, Germany.
Both ICUs provide tertiary care and have a focus on
gastroenterology, hepatology and infectious diseases
(Regensburg), and patients undergoing major general
surgery or neurosurgery (Berlin), but basically admit all
kinds of patients who require intensive care. The ethics
committees responsible gave approval for anonymized
analysis of blood samples obtained in the course of the
treatment (Regensburg: 98/35; Berlin: EA4/028/13). We
used the remains of plasma samples from standard clini-
cal care for blood gas analysis from a point-of-care test-
ing system. Patients or their legal representatives
consented to such use in the medical treatment contract
(Berlin), or gave informed consent to participate in this
study (Regensburg). Clinical data and the dosing history
were collected from the patient files prior to
anonymization. In both ICUs, ceftriaxone is usually ad-
ministered as short infusion over 30min. If no differing
period had been documented, this value was used for
pharmacokinetic calculations. Eligible patients were
identified by periodical chart review of all patients in
the ICU. Age ≥18 years and treatment with ceftriaxone
were the only inclusion criteria; patients were excluded
when renal replacement therapy was applied or when it
did not appear feasible to obtain a sufficient number of
samples (e.g. due to imminent discharge or death).

The sampling times were chosen opportunistically
among available specimens, with the aim of capturing
one or two dosing intervals, with three to four samples.
Samples in the very early phase after the end of ceftriax-
one infusion were deliberately avoided because these
measurements might have been less robust and would
anyway not have affected ƒT>MIC. Plasma was separated
immediately by centrifugation, stored at –70 °C and
shipped on dry ice to the laboratory for analysis. Because
renal function is an important determinant of ceftriaxone
clearance, cystatin C levels, in addition to creatinine
levels, were determined for all patients, and used to esti-
mate the glomerular filtration rate (GFR) according to
Hoek (eCLHoek) [10]. Because creatinine production in
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ICU patients is often reduced owing to immobility and
muscle wasting, this approach is considered to be more
precise than creatinine-based estimations such as the
popular Cockcroft–Gault formula (eCLCG) [11].

In total, 69 plasma samples from 20 ICU patients
(median three samples per patient, range 1–6) treated
with intravenous ceftriaxone 2 g once daily were
collected. The number of plasma samples was insuffi-
cient (<3) for pharmacokinetic calculations in three pa-
tients, but could be used for the analysis of the binding
characteristics. Patients’ characteristics and laboratory
data are described in Table 1. There is no policy to
maintain albumin concentrations above a certain
threshold, but six patients had received intravenous al-
bumin (12.5–100g) within the 72 h before plasma sam-
ples were obtained.
Table 1
Characteristics and laboratory data of 20 intensive care unit patients [15 male

Patient
Indication, known
liver disease Sex

Age
(years)

Weight
(kg)

Height
(cm)

APACHE
II

SA
II

1 Prophylaxis (postoperative) F 27 90 165 15 33

2*,‡ Prophylaxis (gastrointestinal

bleeding)

M 72 95 175 25 21

3*,‡ Community-acquired

pneumonia

F 73 75 167 11 26

4 Infection of unknown

origin

M 54 100 175 8 9

5† Prophylaxis (gastrointestinal

bleeding), liver cirrhosis

F 60 60 163 18 27

6* Prophylaxis (gastrointestinal

bleeding)

M 59 103 188 13 8

7* Prophylaxis (gastrointestinal

bleeding)

M 86 80 160 12 11

8* Nosocomial pneumonia M 78 72 180 31 28

9*,† Urosepsis, primary sclerosing

cholangitis

M 25 70 184 12 31

10 Prophylaxis (gastrointestinal

bleeding)

M 65 98 186 7 9

11*,‡ Infection of unknown origin M 65 121 166 27 19

12* Endocarditis M 74 80 170 22 5

13*,‡,† Urosepsis, liver cirrhosis M 61 80 180 12 5

14‡ Urosepsis M 63 90 190 34 19

15 Secondary peritonitis F 84 76 156 16 37

16* Secondary peritonitis M 65 70 176 19 43

17* Nosocomial pneumonia M 73 90 180 40 78

18‡,†,§ Spontaneous bacterial

peritonitis, liver cirrhosis

M 29 95 183 15 16

19§ Prophylaxis (gastrointestinal

bleeding)

M 77 74 174 19 16

20§ Bacterial tracheobronchitis F 58 64 170 25 27

Median 65 80 175 17 20

Minimum 25 60 156 7 5

Maximum 86 121 190 40 78

*Renal impairment (CLHoek<60 ml min
–1
); †severe hyperbilirubinaemia (>15 mg dl

–1
); ‡intra

obtained; §insufficient data for pharmacokinetic analysis – binding studies only. APACHE II
Chronic Health Evaluation II.
Analysis of ceftriaxone
Total plasma concentrations of ceftriaxone were deter-
mined by adapting previously described validated high-
performance liquid chromatography (HPLC) methods
for total [12] or unbound [13] ceftriaxone. Sample prepa-
ration for total ceftriaxone included protein precipitation
with acetonitrile and a wash step with dichloromethane.
The chromatographic system and determination of un-
bound ceftriaxone is described elsewhere [9]. Briefly,
plasma was buffered to pH ~7.4 and ultrafiltered at
1000 g for 20min at 37 °C using Nanosep Omega 10K fil-
ters (VWR, Ismaning, Germany). For total ceftriaxone, lin-
earity has been demonstrated in spiked plasma from
healthy volunteers between 1 and 300mg l–1, and the co-
efficient of variation (CV) for intra- and inter-assay preci-
sion and accuracy was <4% over the whole range.
(M), five female (F)] treated with ceftriaxone

PS Creatinine
(mg dl

–1
)

Cystatin C
(mg dl

–1
)

Total bilirubin
(mg dl

–1
)

Albumin
(g l

–1
)

eCLCG
(ml min

–1
)

eCLHoek
(ml min

–1
)

0.71 0.66 <0.1 25.5 169 134

8.8 3.65 0.3 21.0 10 22

1.56 2.01 0.2 22.7 38 38

1.11 0.88 0.4 24.8 108 108

0.77 1.13 26.5 22.4 74 63

5.43 2.47 0.4 21.4 21 37

1.65 1.79 0.2 24.6 36 43

2.63 3.79 1.3 17.2 24 19

1.64 2.48 36.1 18.1 68 31

0.76 0.77 0.7 27.0 134 129

1.87 2.6 1.9 23.4 67 34

4.55 2.4 0.2 19.9 16 32

3.14 2.54 24.8 30.1 28 32

0.79 0.81 1.0 27.0 122 120

0.45 0.86 0.3 13.6 112 91

3.21 2.05 0.7 11.7 23 37

3.79 2.39 0.7 15.5 22 36

0.55 0.62 19.4 24.5 266 157

1.03 0.96 0.2 28.5 63 86

0.57 0.55 0.2 16.2 109 143

1.60 1.90 0.55 22.6 65 40

0.45 0.55 <0.1 11.7 10 19

8.80 3.79 36.1 30.1 266 157

venous administration of albumin within the last 72 h before plasma samples were
, Acute Physiology and Chronic Health Evaluation II; SAPS II, Acute Physiology and
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From the lower limit of detection of 30 pg ceftriaxone
injected onto the column, a lower limit of quantification
of 0.1mg l–1 total ceftriaxone can be estimated (signal/
noise 6/1, injection volume 2 μl). For unbound ceftriax-
one, the inter-assay precision of the determination was
between 5.5% (300mg l–1 total ceftriaxone) and 13%
(1mg l–1 total ceftriaxone). The intra-assay precision
was about 1% in preliminary experiments, and accord-
ingly was not implemented into the further validation
procedure. The CV of intra- and inter-assay precision
and accuracy for total ceftriaxone was <4% based on
quality control samples (100mg l–1, 10mg l–1) incorpo-
rated into each run of patient samples (n=4 runs). The
CV of inter-assay precision for unbound ceftriaxone was
5% at 100mg l–1 and 17% at 10mg l–1 total ceftriaxone
(n=3 runs). An interfering peak (shoulder) was observed
in one patient at the standard detection wavelength of
260 nm. Therefore, quantification was performed at
300 nm, where the signal height was one-third, but the
assay still sufficiently sensitive.

Protein-binding studies
The in vitro protein binding of ceftriaxone was character-
ized in pooled plasma from six healthy volunteers (albu-
min concentration 42.8 g l–1). Plasma was buffered with
3% (v/v) 3 mol l–1 potassium phosphate, pH 7.5, and
spiked with 5% aqueous ceftriaxone solution to obtain fi-
nal concentrations of 1, 3, 10, 30, 100, 300 and 1000mg l–1.
The sample was then incubated in the preheated centri-
fuge for 10min prior to ultrafiltration [9]. In a second exper-
iment, plasma was diluted with an equal volume of saline
and processed analogously. Analysis of unbound ceftriax-
one was carried out as described above. Protein binding
of ceftriaxone was assessed using a Scatchard plot and
Michaelis–Menten kinetics. Molar concentrations were cal-
culated from mass concentrations with a molar weight of
554.58g mol–1 for ceftriaxone and 66,000g mol–1 for albu-
min. Because of previous reports of higher unbound con-
centrations in patients with severe hyperbilirubinaemia or
with renal impairment [14–17], patients were analysed sep-
arately according to the presence of these conditions (total
bilirubin >15mg dl–1, CLHoek <60ml min–1).

Pharmacokinetic and statistical analysis
The pharmacokinetics of total and unbound concentra-
tions were analysed separately by fitting a one-
compartment model (zero-order input, first-order elimi-
nation) with 1/y2 weighting using Phoenix WinNonlin
6.3 (Pharsight/Certara, St Louis, MO, USA). The pharmaco-
kinetic parameters obtained were then used to simulate
a full plasma concentration–time course of unbound cef-
triaxone for each patient until day 6 of treatment (2 g
once daily, infused over 30min). It was assumed that
steady state would be attained after that time, even in
patients with a long half-life of about 24 h. Additionally,
three virtual patients were simulated to illustrate the
528 / 80:3 / Br J Clin Pharmacol
influence of changes in the volume of distribution on
the concentration–time course and ƒT>MIC. A clearance
of 6 l h–1 (representing normal renal function) and vol-
umes of distribution of 20, 50 and 100 l (referring to the
values for unbound drug) were chosen, thus covering a
greater range than observed among the patients in the
present study (24.1–84.2 l).

Prism 6.0f for MacOSX (GraphPad Software, La Jolla,
CA, USA) was used for calculating statistics and
Michaelis–Menten kinetics. For regression analysis, 1/y2

weighting was applied. Nonparametric [median, range,
interquartile range (IQR), percentiles] or parametric
(mean, confidence interval) descriptive statistics are pro-
vided, as appropriate.
Results

Pharmacokinetics
The concentration–time courses of both total and un-
bound ceftriaxone could be described adequately by the
one-compartment model in 17 patients, as demonstrated
by the good agreement between predicted and observed
concentrations (Figure 1). The pharmacokinetic parame-
ters derived are listed in Table 2. The clearance of total cef-
triaxone was weakly correlated with renal function
markers (eCLCG: r

2 = 0.27; eCLHoek: r
2 = 0.18), whereas the

clearance of unbound ceftriaxone showed an acceptable
to good correlation (eCLCG: r

2 = 0.49; eCLHoek: r
2 = 0.70).

The regression equation for the clearance of unbound cef-
triaxone on eCLHoek was CL=0.85 × eCLHoek + 0.24 l h–1.

The simulated concentration–time courses of unbound
ceftriaxone for days 1 and 6 of treatment are shown in
Figure 2. All but one patient (patient 1) showed unbound
trough concentrations>2mg l–1 (the resistance breakpoint
for Enterobacteriaceae and Streptococcus pneumoniae ac-
cording to European Committee on Antimicrobial Suscepti-
bility Testing (EUCAST)), and>8mg l–1 (4 × the breakpoint)
at the mid-dosing interval. Virtual patients demonstrate
clearly that a high volume of distribution has a
favourable effect on ƒT>MIC. A patient with a high volume
of distribution (100 l) would have low peak concentrations
(20–25mg l–1), but maintain unbound concentrations
>4mg l–1 throughout the whole dosing interval (even after
the first dose). By contrast, with a low volume of distribu-
tion (20 l), peak concentrations would be very high
(~90mg l–1), but even anMIC of ≤1mg l–1 (the susceptibility
breakpoint for Enterobacteriaceae) would be exceeded
only for two-thirds of the dosing interval.

Plasma protein binding
In spiked plasma from healthy volunteers, the unbound frac-
tion was 6–10% at total concentrations below 100mg l–1,
and increased to 65% at 1000mg l–1 (Figure 3). In plasma
from ICU patients, the same trend was visible, but unbound
fractions were generally much higher. The highest



Figure 1
Agreement between observed concentrations and those predicted by a
one-compartment model for (A) total ceftriaxone and (B) unbound
ceftriaxone

Unbound ceftriaxone in ICU patients
values of about 90% were observed in samples of a pa-
tient (patient 9) with severe hyperbilirubinaemia.
Among patients with normal bilirubin, those with renal
impairment (CLHoek<60ml min–1) had higher unbound
fractions (median 35.9%; IQR 31.1–44.1%; n=9) than pa-
tients with normal renal function (19.5%; 14.7–25.1%;
n=7). Only one slope was apparent in the Scatchard
plot for plasma from healthy volunteers, corresponding
to one relevant binding site in the investigated concen-
tration range (Figure 4). Accordingly, the binding char-
acteristics of ceftriaxone to albumin were described by
Michaelis–Menten kinetics (Figure 5). The binding curve
for plasma from ICU patients without renal impairment
was nearly superimposable with that for healthy volun-
teers. Both affinity and maximal binding capacity were
somewhat reduced in patients with renal impairment,
and severely reduced in patients with hyperbilirubinaemia
(Table 3).
Discussion

In the present study, we report the pharmacokinetics of
total and unbound ceftriaxone in 17 ICU patients. As a
strength of this study, unbound concentrations were de-
termined directly using a modern ultrafiltration method
which has been validated in vitro [9]. Compared with
equilibrium dialysis, which was used in older studies
[14–18], this technique enables a plasma sample to be
separated rapidly into a protein-free aqueous phase,
which can be injected directly into the HPLC column. Ac-
cordingly, it has been suggested as a simple and fast
method for therapeutic drug monitoring of beta-lactams
[13]. However, we demonstrated recently that ultrafiltra-
tion is susceptible to experimental conditions such as
centrifugal force, pH and temperature [7–9], the neglect
of which may have contributed to some inconsistent re-
sults in the literature [19].

Previous, more extensive in vitro studies have demon-
strated the presence of up to three binding sites for cef-
triaxone in human plasma [20, 21], and complex
interactions with displacing drugs which involve confor-
mational changes of the albumin molecule rather than
direct competition [3]. Such detailed investigations were
beyond the scope of the present study. The precise esti-
mation of protein-binding parameters requires measure-
ments up to very high concentrations, at which
saturation is actually observed. These were obtained ex-
perimentally in spiked plasma from healthy volunteers
(total concentration of 300mg l–1 and 1000mg l–1), but
were not observed in the clinical samples. Additionally,
the statistical interpretation of the data was limited by
the small number of patients and by the variable number
of data points per patient. However, the presented re-
sults illustrate nicely how critical illness can affect the
unbound concentration of drugs. Whereas the binding char-
acteristics in patients without severe hyperbilirubinaemia
and renal impairment were fairly homogeneous (evidenced
by r2=0.907 of the model fit) and resembled closely those
from healthy volunteers, renal impairment, and, most of all,
severe hyperbilirubinaemia, had a strong inhibiting effect
on protein binding beyond hypoalbuminaemia (which is
corrected for in the Scatchard and Michaelis–Menten analy-
sis). Similar observations have been made previously in vitro
in uraemic plasma [22], in patients with acute renal failure
[16, 17] and in functionally anephric patients [14], as well
as in patients with chronic liver disease [15]. Whereas com-
petitive binding of bilirubin and ceftriaxone has been dem-
onstrated [23], only one patient in the former study [15]
had severe hyperbilirubinaemia. This means that both renal
and hepatic insufficiency are associated with reduced pro-
tein binding of ceftriaxone, but the exact mechanisms are
probably complex and difficult to predict in an individual pa-
tient. This compromises any attempt to calculate unbound
concentrations in ICU patients from total concentrations
using in vitro binding data from healthy volunteers [5, 19].
Br J Clin Pharmacol / 80:3 / 529



Table 2
Pharmacokinetic parameters of total and unbound ceftriaxone in 17 intensive care unit patients

Total drug Unbound drug

Patient Vss (l) CL (l h
–1
) CL/CLHoek t1/2 (h) Vss (l) CL (l h

–1
) CL/CLHoek t1/2 (h)

Unbound fraction‡
average (range)

1 10.4 1.06 0.13 6.8 47.7 6.85 0.85 4.8 15.4% (13.8–20.4%)

2* 23.5 0.54 0.41 30.4 62.8 1.77 1.37 24.6 30.3% (30.8–33.7%)

3* 20.2 0.46 0.20 30.3 28.6 1.21 0.53 16.5 38.3% (29.9–46.9%)

4 16.1 1.28 0.20 8.7 79.1 7.60 1.17 7.2 16.9% (13.1–19.7%)

5† 20.0 0.95 0.25 14.5 34.1 1.79 0.47 13.2 53.4% (43.0–62.0%)

6* 21.0 0.53 0.23 27.7 41.3 2.15 0.96 13.3 24.5% (23.3–35.9%)

7* 13.5 0.68 0.26 13.7 46.5 3.16 1.22 10.2 21.6% (17.3–24.9%)

8* 14.2 0.52 0.47 18.8 24.1 1.19 1.07 14.0 44.0% (37.8–50.7%)

9*,† 33.4 1.68 0.90 13.8 35.6 1.86 1.00 13.3 90.2% (84.4–96.8%)

10 15.0 1.09 0.14 9.5 66.5 6.24 0.81 7.4 17.6% (13.0–20.2%)

11* 17.8 0.57 0.27 21.8 49.8 1.37 0.66 25.3 41.5% (35.7–44.1%)

12* 21.2 0.63 0.33 23.3 42.2 1.91 0.99 15.3 33.0% (26.8–37.3%)

13*,† 28.0 1.00 0.53 19.5 31.2 1.38 0.73 15.6 72.0% (61.0–82.8%)

14 19.4 1.28 0.18 10.5 84.2 6.84 0.95 8.5 18.7% (15.0–20.8%)

15 21.5 1.81 0.33 8.2 58.0 6.17 1.13 6.5 29.4% (21.7–37.4%)

16* 30.7 0.61 0.27 35.0 63.6 1.54 0.69 28.6 39.5% (43.3–46.8%)

17* 25.5 1.45 0.68 12.2 40.3 3.22 1.51 8.7 44.9% (34.2–56.0%)

Median 20.2 0.96 0.27 14.5 46.5 1.91 0.96 13.3 33.0% (34.2%)§

p25 15.6 0.55 0.20 10.0 34.9 1.46 0.71 8.0 20.2% (21.3%)§

p75 24.5 1.28 0.44 25.5 63.2 6.20 1.15 16.0 44.5% (46.5%)§

*Renal impairment (CLHoek<60 ml min
–1
); †severe hyperbilirubinaemia (>15 mg dl

–1
); ‡the average unbound fraction was calculated as the ratio of the calculated CL of total drug

and unbound drug, whereas the range is provided for the values actually observed among the available plasma samples (not necessarily within a certain concentration range);
§median, 25th and 75th percentile of all observed values. CL, clearance; CLHoek, glomerular filtration rate estimated from cystatin C, according to Hoek; p25, 25th percentile;
p75, 75th percentile; t1/2, half-life; Vss, volume of distribution in steady state.

Figure 2
Simulated concentration–time courses of unbound ceftriaxone in 17 inten-
sive care unit patients on days 1 and 6 of therapy (2 g i.v. once daily over
30min), and in three virtual patients with a clearance of 6 l h–1 and a varying
volume of distribution (V). Vertical reference line: mid-interval; horizontal
reference lines: susceptibility (≤1mg l–1), resistance (>2 mg l–1) and 4 × re-
sistance (>8mg l–1) breakpoints for Enterobacteriaceae according to Euro-
pean Committee on Antimicrobial Susceptibility Testing (EUCAST)
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In an often-cited paper, Benet and Hoener argue con-
vincingly that – with rare exceptions – ’changes in plasma
protein binding have little clinical relevance’ [24], and cite
ceftriaxone as one of the drugs ’for which changes in
protein binding have been [erroneously] thought to be im-
portant’. In short, initially higher unbound concentrations
due to an acute elevation of the unbound fraction are rapidly
counteracted by the higher amount of drug cleared from the
plasma. In the end, the exposure to unbound drug (in terms
of area under the curve) depends only on the clearance of
unbound drug, which depends e.g. on renal function but
not on the unbound fraction. Accordingly, we observed a lin-
ear correlation between the clearance of unbound ceftriax-
one and the GFR estimated from plasma cystatin C by the
Hoek formula. The high slope (0.85) and the low y-intercept
(0.24 l h–1) indicate that dose adjustments proportional to re-
nal function may become necessary, whereas the unbound
fraction is irrelevant, as predicted by Benet and Hoener
[24]. In the present study, the five patients with the highest
eCLHoek (91–134ml min–1) had the lowest unbound trough
concentrations (1.43–4.02 mg l–1), but these were still above
the EUCAST susceptibility breakpoint. Only for patients with
a further elevated glomerular filtration (’augmented renal
clearance’ [25]), a higher dose or, preferably, a shorter dosing
interval seem advisable.



Figure 3
Unbound fraction vs. total concentration of ceftriaxone in plasma from
healthy volunteers and from intensive care unit patients

Figure 4
Scatchard plot of ceftriaxone binding in plasma from healthy volun-
teers. cbound, cunbound, calbumin: molar concentrations of bound and un-
bound ceftriaxone and of albumin

Figure 5
Michaelis–Menten analysis of ceftriaxone binding to plasma from
healthy volunteers and intensive care unit patients. cbound, cunbound,
calbumin: molar concentrations of bound and unbound ceftriaxone and
of albumin

Unbound ceftriaxone in ICU patients
Changes in the volume of distribution due to altered
protein binding can occur if the unbound fraction in
plasma and in tissue changes differently [24]. In compar-
ison to studies in healthy volunteers [26, 27], the volume
of distribution of total drug in the present study was
about twice as high (~20 l compared with ~10 l), which
is in good agreement with results from other studies in
critically ill patients [5, 17]. Such increased volumes of
distribution have been described for many antibiotics
with predominantly extracellular distribution [1], includ-
ing agents with minimal protein binding [28, 29], and
must therefore be attributed to other factors, e.g. expan-
sion of the extracellular space by fluid administration and
oedema formation. For a beta-lactam such as ceftriaxone,
a higher volume of distribution might even have a
favourable effect on the plasma concentration–time pro-
file during steady state, because lower peak concentra-
tions are presumably without relevance, whereas a
longer half-life and higher trough concentrations in-
crease the decisive PK/PD index ƒT>MIC.

Several limitations of the present study should be
mentioned. First, the sample size of 20 ICU patients pre-
vents generalizability and extrapolation to different pa-
tient groups. No patients with augmented renal
clearance were present, which has recently been identi-
fied as an important cause for subtherapeutic concentra-
tions of beta-lactam antibiotics [30]. Secondly, the study
protocol was generic, and did not follow a specific time
schedule. In addition, urine was not collected, which
would have allowed a better quantification of renal func-
tion (by measuring the endogenous creatinine clearance)
and the separate determination of the renal clearance of
ceftriaxone. The pharmacokinetic analysis was limited to
a simple one-compartment model, although more
complex models and nonlinear kinetics (due to the
saturable protein binding) have been described for
ceftriaxone [5, 18]. However, unbound ceftriaxone is re-
sponsible for the antibacterial activity and is best
described by linear pharmacokinetics [18]. The pharma-
cokinetics of total ceftriaxone is actually nonlinear [18],
but the error may be sufficiently small to permit compar-
isons with other studies, particularly if these also used
linear models and (mostly) the same dose of 2 g once daily
[5, 16, 17]. Overall, we consider the study to provide a
meaningful example of the successful application of ultra-
filtration to determine unbound ceftriaxone concentra-
tions in a clinically relevant study population.
Br J Clin Pharmacol / 80:3 / 531



Table 3
Protein binding characteristics, of ceftriaxone in plasma, normalized to albumin, according to Michaelis–Menten kinetics

n kd (μmol l
–1
)

N r
2

PE CI95 PE CI95

Healthy volunteers 28/* 0.972 1.07 0.940–1.20 51.8 43.7–59.8

Intensive care unit patients

– With normal bilirubin 56/16 0.877 0.806 0.670–0.941 46.4 31.7–61.1

– Without renal impairment 21/7 0.907 1.31 0.588–2.02 79.5 22.7–136

– With renal impairment 35/9 0.787 0.962 0.693–1.23 79.3 38.1–121

– With hyperbilirubinaemia 13/4 0.262 0.458 –1.13–2.05 222 0–1256

*Pooled plasma from six healthy volunteers; four independent experiments with seven concentrations each. CI95, 95% confidence interval; kd, dissociation constant; n, maximum
binding capacity per albumin molecule; N, number of analysed data points/number of patients; PE, point estimate.

M. Schleibinger et al.
To summarize, we used ultrafiltration to determine the
unbound concentrations of ceftriaxone in plasma, and to de-
scribe the protein-binding characteristics and the plasma
pharmacokinetics of ceftriaxone in ICU patients. In accor-
dance with previous studies, the volume of distribution
and the unbound fraction were elevated, the latter
particularly in patients with renal impairment or severe
hyperbilirubinaemia. Clearance of unbound ceftriaxone as
the dominant pharmacokinetic parameter was proportional
to renal function. In patients with normal or reduced renal
function, the standard dose (2g once daily) resulted in suffi-
cient unbound plasma concentrations above the susceptibil-
ity breakpoint throughout the whole dosing interval.
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