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Abstract: The impact of ceftriaxone pharmacokinetic alterations on protein binding and PK/PD
target attainment still remains unclear. We evaluated pharmacokinetic/pharmacodynamic (PK/PD)
target attainment of unbound ceftriaxone in critically ill patients with severe community-acquired
pneumonia (CAP). Besides, we evaluated the accuracy of predicted vs. measured unbound ceftri-
axone concentrations, and its impact on PK/PD target attainment. A prospective observational
cohort study was carried out in adult patients admitted to the intensive care unit with severe CAP.
Ceftriaxone 2 g q24h intermittent infusion was administered to all patients. Successful PK/PD
target attainment was defined as unbound trough concentrations above 1 or 4 mg/L throughout
the whole dosing interval. Acceptable overall PK/PD target attainment was defined as successful
target attainment in ≥90% of all dosing intervals. Measured unbound ceftriaxone concentrations
(CEFu) were compared to unbound concentrations predicted from various protein binding models.
Thirty-one patients were included. The 1 mg/L and 4 mg/L targets were reached in 26/32 (81%) and
15/32 (47%) trough samples, respectively. Increased renal function was associated with the failure to
attain both PK/PD targets. Unbound ceftriaxone concentrations predicted by the protein binding
model developed in the present study showed acceptable bias and precision and had no major impact
on PK/PD target attainment. We showed suboptimal (i.e., <90%) unbound ceftriaxone PK/PD target
attainment when using a standard 2 g q24h dosing regimen in critically ill patients with severe CAP.
Renal function was the major driver for the failure to attain the predefined targets, in accordance with
results found in general and septic ICU patients. Interestingly, CEFu was reliably predicted from
CEFt without major impact on clinical decisions regarding PK/PD target attainment. This suggests
that, when carefully selecting a protein binding model, CEFu does not need to be measured. As a
result, the turn-around time and cost for ceftriaxone quantification can be substantially reduced.

Keywords: ceftriaxone; critically ill; pharmacokinetic; community-acquired pneumonia; severe CAP;
target attainment; protein binding; unbound concentration
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1. Introduction

Community-acquired pneumonia (CAP) is a major reason for hospital admission [1–3].
Five to forty percent of the patients hospitalized with a diagnosis of CAP require admission
to the intensive care unit (ICU), which is then commonly defined as severe CAP [4].
Ceftriaxone is a first-line antimicrobial often prescribed for the empirical treatment of
severe CAP. Despite improved survival with ceftriaxone therapy, mortality rates are still
very high, ranging from 25% to more than 50% [3,5].

For β-lactam antibiotics, pharmacokinetic/pharmacodynamic (PK/PD) target attain-
ment, defined as time above the minimal inhibitory concentration (MIC), has been linked to
positive clinical outcomes in critically ill patients [6]. However, as a result of large PK vari-
ability in critically ill patients, standard dosing regimens for several β-lactams have been
shown to lead to suboptimal PK/PD target attainment [6,7]. Therefore, dose optimization
strategies, such as therapeutic drug monitoring (TDM), are increasingly being performed
in the ICU. Next to meropenem and piperacillin, ceftriaxone is one of the most frequently
monitored β-lactams in the ICU [8]. Studies have shown suboptimal PK/PD target attain-
ment in septic [9] or general ICU [10–12] patients treated with ceftriaxone. Nevertheless,
routine TDM for ceftriaxone has still not found its way into clinical practice [7,13]. This
may be due to the fact that ceftriaxone PK alterations and the impact on protein binding
and PK/PD target attainment still remain unclear in specific populations.

The evaluation of the unbound concentration, which is the pharmacologically active
fraction, is essential when assessing PK/PD target attainment [14]. For many β-lactams,
the unbound concentration can be accurately predicted based on published protein binding
percentages. Compared to most β-lactams, ceftriaxone shows remarkable features. Ceftri-
axone shows extensive albumin binding (83–96% in healthy volunteers) and a long half-life,
explaining the standard once daily dosing regimen [15]. In the ICU setting, where hypoal-
buminemia is present in up to 50% of all patients, the unbound ceftriaxone fraction is highly
variable [15–17]. This is probably due to its nonlinear concentration-dependent protein
binding [10,18]. Measuring the unbound fraction using equilibrium dialysis, which is the
reference method, is time-consuming and costly [19,20]. Therefore, there have been several
attempts to estimate unbound ceftriaxone concentrations (CEFu), according to a fixed per-
centage of protein binding or to a predictive protein binding model [21]. Still, the impact of
using protein binding models for ceftriaxone on PK/PD target attainment has not been
investigated. As a result, most recent publications measure CEFu, for which ultrafiltration
is mostly used, as this is less time-consuming and costly than equilibrium dialysis [11,18].

In this study, we aimed to evaluate if PK/PD target attainment of CEFu measured
by equilibrium dialysis was acceptable in patients admitted to the ICU with severe CAP.
Besides, we built a predictive model for ceftriaxone protein binding to investigate if CEFu
could be reliably predicted from total concentrations and if the prediction of CEFu leads to
different conclusions regarding PK/PD target attainment.

2. Results
2.1. Patients and Ceftriaxone Concentrations

Thirty-one patients were included, contributing 72 samples over 36 dosing intervals
(Figure 1). Most patients were sampled during a dosing interval either on an early (n = 20)
or a late sampling day (n = 6), while five patients were sampled on both sampling days.
During four of these 36 dosing intervals, the second sample was taken at midterm due to
practical reasons, hence no trough sample was available then. As a result, 32 trough and
40 non-trough concentrations were collected during this study. In each sample, both CEFt
and CEFu were measured. Overall, 50 samples were taken on the early day and 22 samples
on the late day. Patient characteristics are shown in Table 1.
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    Unbound ceftriaxone pre-dose concentration ≥4 mg/L, n 
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Table 1. Patient characteristics.

Parameter Overall On early Sampling Day On late Sampling Day

Number of patients, n (%) a 31 (100) 25 (81) 11 (35)
Demographics
Sex, male, n (%) 19 (61)
Age, median (IQR), years 72 (55–81)
Body weight, median (IQR), kg 64 (60–77)
Clinical scores
Sequential Organ Failure Assessment score,
median (IQR), n 6 (4–9) 8 (6–10), 15 5 (3–6), 11

Acute physiology and chronic health
evaluation II score, median (IQR) 18 (16–26)

Biochemical parameters
Serum creatinine, median (IQR), mg/dL, n 0.86 (0.71–1.04) 0.91 (0.71–1.15), 25 0.8 (0.71–0.87), 11
Cockcroft–Gault equation, median (IQR),
mL/min, n 73 (54–102) 71 (49–90), 25 87 (58–109), 11

Serum albumin, median (IQR), g/L, n 29.5 (26.7–31.7) 29.5 (26.8–31.6), 25 29.6 (26.2–31.5), 11
Total bilirubin, median (IQR), mg/dL, n 0.8 (0.25–0.6) 0.38 (0.26–0.57), 25 0.28 (0.24–0.68), 11
Sampling
Unbound ceftriaxone pre-dose concentration
≥1 mg/L, n (%) 26/32 (81) 17/21 (81) 9/11 (81.8)

Unbound ceftriaxone pre-dose concentration
≥4 mg/L, n (%) 15/32 (47) 10/21 (47.6) 5/11 (45.5)

a Five patients were sampled on both days. IQR: interquartile range, n: number of patients.

Overall, the median measured total ceftriaxone concentration (CEFt) and CEFu were
78.6 mg/L (range 5.1–327 mg/L) and 14.1 mg/L (range 0.5–85 mg/L), respectively. No
concentrations were below the lower limit of quantification. The median measured un-
bound fraction was 17% (range 5.3–50%). At trough, the median measured CEFt and CEFu
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were 30.5 mg/L (range 5.1–123 mg/L) and 3.8 mg/L (range 0.5–15.9 mg/L), respectively.
The median measured unbound fraction at trough was 13% (range 5.3–22%).

2.2. Protein Binding Model

A model with nonlinear protein binding, including albumin as a significant covariate
and BPV on Bmax best described CEFt concentrations and protein binding:

CEFt = CEFu + CEFu ×
(Bmax ×

(
ALB
0.44

)h
)

(B50 + CEFu)
(1)

where CEFt stands for total ceftriaxone concentration (mmol/L), CEFu stands for un-
bound ceftriaxone concentration (mmol/L); Bmax stands for maximum binding capacity
(mmol/L); ALB stands for albumin concentration (mmol/L), h stands for hill coefficient,
and B50 stands for dissociation constant (mmol/L).

The VPC graph (Figure S1, Supplementary Materials) shows that the measured CEFu
fall within the range of predicted CEFu values.

This model was then transformed to predict CEFu from CEFt, resulting in the follow-
ing equation:

CEFu = −0.64 ×
((

ALB
0.44

)0.26
)
× CEFt + CEFt1.09 (2)

Model parameters for this formula, as well as for the other predictive models used in
this study are reported in Table S1 (Supplementary Materials).

2.3. Agreement between Measured CEFu and Predicted CEFu

The CEFu, unbound fraction and bias according to fixed average protein binding, sat-
urable concentration-dependent protein binding and protein binding predicted from three
different mixed-effects models (present study, Bos and Leegwater) are shown in Table 2.
The relative bias for the various models is illustrated in Figure 2. Except for CEFu values
predicted using the model developed in the present study and the Leegwater formula,
all other predicted CEFu values presented statistically significant bias (p < 0.0001). When
considering only trough levels, only CEFu values predicted using the model developed in
the present study and the Bos formula did not show statistically significant bias. However,
for all protein binding models, except for the model developed in this study, precision was
low, as demonstrated by the high relative RMSE values.

2.4. Ceftriaxone PK/PD Target Attainment

The overall PK/PD target attainment was <90%, as both 100% fT>MIC and 100% fT>4xMIC
were attained in 26 (81%) and 15 (47%) of 32 trough samples, respectively. From the
covariates described in Table 1, only age and CrClCG were significantly correlated with
both targets (f T100%>MIC and f T100%>4xMIC). Younger patients with higher CrClCG showed
higher rates of failure to attain PK/PD targets. Age was significantly correlated with
CrClCG (r = −0.67). Lower SOFA and APACHE II scores were significantly correlated with
100% f T>MIC. Lower total bilirubin was significantly correlated with 100% f T>4xMIC. None
of these covariates correlated with target attainment, or showed significant correlation with
CrClCG and age, except for SOFA score, which was correlated with CrClCG (r = −0.45).
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Table 2. Agreement between measured and predicted unbound concentration of ceftriaxone.

CEFu Predicted
mg/L, Median

(IQR)

fu % Predicted,
Median (IQR)

Bias mg/L,
Median (IQR)

Relative Bias,
% of CEFu,

Median (IQR)

Relative
RMSE, %
of CEFu

p-Value b

Fixed average protein
binding 8.3 (3.4–13.9) 10.5 a 5.6 (0.6–12) 38.2 (19.2–50.6) 86.1 <0.0001

Predicted saturable
concentration-

dependent protein
binding, Equation (4)

5 (1.8–10) 6.3 (5.5–7.6) 8.4 (2.2–15.7) 59.2 (50.9–68) 89 <0.0001

Predicted protein
binding, present study,

Equation (2)
15.5 (4.2–30.4) 17.9 (12.3–22.6) 0.05 (−0.8–1.1) 0.4 (−5.8–12.6) 14.2 0.627

Predicted protein
binding, Bos 21.8 (3.5–62.1) 28.2 (11.7–45.3) −6.2 (−35.9–0.1) −35.9

(−143.7–4.8) 195.3 <0.0001

Predicted protein
binding, Leegwater 11.5 (3.2–33.4) 14.7 (10–25.2) 0.3 (−10.1–1.5) 10.2

(−49.5–29.3) 109.2 0.350

CEFu: unbound ceftriaxone concentration; fu: unbound ceftriaxone fraction; 100% f T>MIC: free concentration above the minimum inhibitory
concentration over the whole dosing interval (100%); 100% f T4x>MIC: free concentration above 4 times the minimum inhibitory concentration
over the whole dosing interval (100%); IQR: interquartile range. a no median (IQR) due to a fixed protein binding coefficient; b null
hypothesis = difference between CEFu measured and CEFu predicted is equal to 0.
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Figure 2. Bland–Altman plot representing the relative bias of the unbound ceftriaxone concentrations
(CEFu) predicted from the five protein binding models vs. measured CEFu for all CEFu (n = 72).
Relative biases are shown as percentage of the mean measured CEFu (y-axis) in function of the
measured CEFu. The dashed lines represent the mean relative bias and the upper and lower limits of
agreement (95% confidence intervals).

Table 3 illustrates PK/PD target attainment according to CEFu predicted by each of
the five protein binding models investigated in this study. All models, except the model
developed in the present study and the Bos model, showed significant disagreement in
predicted vs. measured target attainment for the 100% fT>4xMIC target.
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Table 3. Agreement for PK/PD target attainment based on measured and predicted unbound concentration of ceftriaxone.

100% fT>MIC,
n (%) p-Value a 100% fT>4xMIC,

n (%) p-Value a

Fixed average protein binding 26 (81.2) 1.000 11 (34.4) 0.044

Predicted saturable
concentration-dependent protein
binding, Equation (4)

23 (71.2) 0.083 5 (15.6) 0.0007

Predicted protein binding, present
study, Equation (2) 24 (75) 0.572 13 (40.6) 1.000

Predicted protein binding, Bos 25 (78.1) 0.325 13 (40.6) 0.325

Predicted protein binding, Leegwater 25 (78.1) 0.325 11 (34.4) 0.044

100% f T>MIC: free concentration above the minimum inhibitory concentration over the whole dosing interval (100%); 100% f T4x>MIC: free
concentration above 4 times the minimum inhibitory concentration over the whole dosing interval (100%). a Null hypothesis = no difference
(i.e., agreement) in PK/PD target attainment based on measured vs. predicted CEFu.

3. Discussion

In this study, we showed suboptimal CEFu PK/PD target attainment for standard
ceftriaxone 2 g q24h intermittent dosing in critically ill patients with severe CAP. Increased
renal function was identified as the major driver for target non-attainment. Moreover, we
showed that CEFu can be predicted from CEFt with acceptable accuracy and precision
when the appropriate protein binding model is selected. As a result, the prediction of
CEFu, based on the appropriate model, had no major impact on the decision of PK/PD
target attainment.

In accordance with previous PK studies in septic [9], general ICU [10–12] or non-ICU [18]
patients, PK/PD target attainment was suboptimal for ceftriaxone 2 g q24h in patients
with severe CAP. Interestingly, despite the relatively high age in our study population,
renal function was still well preserved. As age and renal function are closely correlated,
renal function is identified as the major driver of PK/PD target attainment. A multivariate
regression analysis with CEFu as a continuous outcome variable confirmed CrClCG as the
only significant covariate influencing CEFu exposure in this study (results not shown).
Two recently published population PK models also identified CrClCG as a major driver for
ceftriaxone clearance [10,18]. In critically ill patients, CrClCG has been shown to be biased
as compared to urinary CrCl, considered the reference method to monitor renal function in
the ICU [22]. However, urinary CrCl was unavailable in this study, hence we used a renal
estimator, which is still often used in the ICU. Although estimated glomerular filtration
according to the Chronic Kidney Disease Epidemiology equation (eGFRCKD-EPI) has been
shown to be more accurate in ICU patients than CrClCG [22], we selected CrClCG to allow
direct comparison with recent studies. A sensitivity analysis including eGFRCKD-EPI instead
of CrClCG led to the same results and conclusions. The median (IQR) eGFRCKD-EPI was
83 mL/min/1.73 m2 [63, 96]. Recently, an eGFRCKD-EPI cut-off of 96.5 mL/min/1.73 m2

was suggested to identify augmented renal clearance in ICU patients [22]. Interestingly,
this suggests that the upper quartile (i.e., eGFRCKD-EPI > 96 mL/min/1.73 m2) probably
showed augmented renal clearance. Increased and/or alternative dosing regimens have
been proposed for ceftriaxone to optimize PK/PD target attainment [10,11]. Still, 2 g q24h
remains a frequently used standard dosing regimen [10,11,23]. This may be due to a lack
of clear dose optimization strategies for ceftriaxone (and β-lactams overall) in patients
with augmented renal clearance. The definite involvement of renal function, and especially
augmented renal clearance, in ceftriaxone PK/PD target attainment should be confirmed
by population PK modelling. Dosing simulations could then be performed to develop an
optimized dosing regimen for ceftriaxone in patients with severe CAP. Unbound fractions
for ceftriaxone in our study population (median 17%) are comparable to values observed in
similar populations [18,21,24]. On the other hand, unbound fractions are lower than those
reported by Schleibinger et al. in critically ill patients (median (IQR): 33% (20.2–44.5)) [16].
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This is probably due to higher median albumin values in our population (29.5 vs. 22.6 g/L).
The broader range of unbound fractions demonstrates the large variability of ceftriaxone
protein binding in critically ill patients, compared to the range of unbound fractions
reported in healthy volunteers (4–17%) [15]. Nonlinear saturable protein binding best
described the relationship between CEFt and CEFu. Albumin concentration is the only
covariate that explains a significant part of the variability in protein binding in the present
study. This confirms ceftriaxone protein binding relationships described in previous PK
studies [10,18]. Although bilirubin has been mentioned to influence this relationship [16],
we did not find any significant influence. This is probably due to a small range of low
total bilirubin values (range 0.18–1.29 mg/dL) in the present study, insufficient to displace
ceftriaxone from albumin binding sites [25,26].

Concerns have been raised about the accuracy of predicting CEFu [21]. We eval-
uated existing methods to predict CEFu, and found that for most of them, CEFu was
significantly biased in our study population. In accordance with Wong et al., our results
confirm significant underestimation when predicting CEFu using the 89.5% fixed average
protein binding or saturable concentration-dependent protein binding data [21]. This is
an important finding to consider when interpreting results from studies that used such
methods, as the predicted CEFu values probably underestimate real CEFu values. On the
contrary, for the Bos and Leegwater models, there seems to be a trend towards negative bias,
implying an overestimation of CEFu. It is noteworthy that these models were developed
in different populations. This probably explains the significant bias and disagreement in
our population. The model developed in this study predicts CEFu with acceptable bias
and precision and has no major impact on clinical decisions (i.e., PK/PD target attainment).
This is not unexpected as the model was developed based on the same data. This illustrates
that CEFu might be accurately predicted from total concentrations, although the protein
binding model used should be carefully selected as it should probably be developed in a
similar population. This needs to be externally validated in future studies, which ideally
measure CEFu over a broader range of albumin and total bilirubin values. The prediction
of CEFu from CEFt substantially decreases the turn-around time and cost, as CEFu does
not need to be measured. Hence, this could allow for the more efficient implementation of
ceftriaxone TDM in clinical practice.

This study has several limitations that need to be acknowledged. First, the limited
sample size precluded any robust multivariable analysis to identify independent predictors
for target attainment. Nevertheless, this observational study provides a clear picture of
suboptimal ceftriaxone PK/PD target attainment in patients with severe CAP. In accor-
dance with general or septic ICU patients, renal function seems to be the major driver for
ceftriaxone clearance. Although not being significant for overall target attainment, total
bilirubin significantly affected the attainment of 100% fT>4xMIC. Hence, it might be that
the sample size was too small or the range too narrow to detect a consistent effect from
total bilirubin. Second, there might be covariates potentially influencing protein binding
that were not measured or included in this study. Immunoglobulin G (IgG) has been
reported to affect unbound ceftriaxone plasma concentrations when reaching very high
concentrations, or in patients with severe hypoalbuminemia [27,28]. In the present study,
most patients had moderate hypoalbuminemia, and none of the patients received IgG
treatment during ceftriaxone treatment. Still, we cannot exclude any potential interference
from IgG in specific patients. Interestingly, only albumin, and not total protein, was found
to significantly predict ceftriaxone protein binding. Additionally, our model shows similar
protein binding to two recently published models [10,18]. Third, local MIC data were not
available. Therefore, we choose to apply the EUCAST clinical MIC breakpoints, which also
increase generalizability.

On the other hand, this study also has several strengths. First, ceftriaxone unbound
fractions were measured using equilibrium dialysis, considered the gold standard [19,20].
In most published ceftriaxone PK studies, CEFu is measured using ultrafiltration, which
is less time and resource consuming. It is reassuring that the results presented in this
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study are in line with previous findings on ceftriaxone protein binding and PK/PD target
attainment based on ultrafiltration. Still, until a direct comparison has been made between
ultrafiltration vs. equilibrium dialysis, one needs to be careful in interpreting and compar-
ing CEFu obtained by ultrafiltration. Indeed, in the case of ultrafiltration, the absence of
an equilibrium between the bound and unbound drug fractions may contribute to larger
variability in measured concentrations. Second, this study covered a broad range of both
CEFt and CEFu, due to sampling around the peak and trough concentration. This increases
the generalizability of our results.

In conclusion, we showed suboptimal unbound ceftriaxone PK/PD target attainment
when using a standard 2 g q24h intermittent dosing regimen in critically ill patients with
severe CAP. In accordance with studies performed in general or septic ICU patients, renal
function was the major driver for failure to attain predefined PK/PD targets. Besides, CEFu
was reliably predicted from CEFt without major impact on clinical decisions regarding
PK/PD target attainment. This suggests that, when carefully selecting a protein binding
model, CEFu does not need to be measured. As a result, as only CEFt will be measured (and
CEFu will be predicted), the turn-around time and cost will substantially decrease, allowing
for the efficient and broad implementation of ceftriaxone dose optimization strategies. This
finding needs to be confirmed, ideally over a broader range of unbound fractions.

4. Materials and Methods
4.1. Setting, Study Design and Population

We performed a prospective single-center observational cohort study on the ICUs of a
tertiary-care academic hospital (UZ Leuven, Leuven, Belgium) between January 2014 and
March 2018. This study was approved by the Ethics Committee Research UZ/KU Leuven
(S54509). Written informed consent was obtained from the patient or the closest relative.
All adult patients admitted to the ICU with pneumonia and treated with ceftriaxone were
screened for eligibility. Pregnant women and patients treated with renal replacement
therapy were excluded.

4.2. Study Protocol

Ceftriaxone 2 g was given once daily (i.e., q24h) as an infusion over 30 min. Sampling
was performed 30 min after the end of the infusion (peak) and within 60 min before
the next infusion (trough). Depending on practical feasibility, sampling was performed
over one or two dosing intervals during ceftriaxone therapy (early day (day 2 +/− 1)
and/or late day (day 5 +/− 1)). Blood samples were collected in lithium heparinized
tubes (5 mL), and immediately refrigerated (4 ◦C). Samples were centrifuged within max.
24 h [29], and plasma was stored at −20 ◦C immediately after centrifugation [30]. All
plasma samples were subsequently stored at −80 ◦C within 24 h after sampling [31].
Samples were transferred on dry ice from the clinical to the analytical site, where they
were stored at −80 ◦C until analysis. Total and unbound ceftriaxone concentrations were
determined in these samples.

4.3. Bioanalysis Method

Ceftriaxone plasma concentrations were quantified using a validated ultra-performance
liquid chromatography method coupled with tandem mass spectrometry. Detailed method-
ology is provided in Supplementary Materials File S1.

Unbound Fraction

Plasma samples were first subjected to in vitro equilibrium dialysis. The equilibrium
dialysis was carried out on a HTD96b (HTDialysis, Gales Ferry, CT, USA) device using
dialysis membranes with a molecular weight cut-off 12–14 kDa. The dialysis experiments
were conducted at 37 ◦C against phosphate buffered saline (PBS) for 4 h (experimentally
determined time until equilibrium) without agitation of the plate. Spiked control samples
were included for 2, 4, 40 and 320 µg/mL. Upon completion of the equilibrium dialysis,



Antibiotics 2021, 10, 557 9 of 12

solutions from both compartments (plasma and PBS) were aliquoted. Equal amounts of
blank human plasma and blank PBS were added to PBS and plasma aliquots, respectively,
in order to process the samples. The processed samples were subsequently analyzed as
described in Supplementary Materials File S1.

The unbound fraction was calculated according to the following equation [32]:

UF% =
[ceftriaxone]PBS

[ceftriaxone]plasma
× 100 (3)

where UF% stands for the percentage of unbound ceftriaxone, [ceftriaxone]PBS
and [ceftriaxone]plasma represent the concentration of ceftriaxone at equilibrium, in the
buffer compartment and plasma compartment, respectively.

4.4. Protein Binding Model

Mixed-effects modeling was applied to assess the relationship that best described
protein binding (linear vs. nonlinear albumin binding and association with covariates).
Total and unbound ceftriaxone and serum albumin concentrations were converted to units
of mmol/L; molecular weight (MW) of ceftriaxone is 661.6 g/mol [33], MW of albumin
is 66,500 g/mol [34]. Serum albumin was the only plasma protein taken into account as
ceftriaxone is known to bind predominantly to albumin [27]. Protein binding PK parame-
ters were, in case of linear protein binding, the linear protein binding constant and in case
of nonlinear protein binding, the maximum binding capacity (Bmax), the Hill coefficient
(h) and the dissociation constant (B50) (File S2, Supplementary Materials) [35]. Between-
patient variability (BPV) was estimated for the protein binding kinetics parameters. Next,
the following covariates were entered, in a stepwise forward selection, into the model
in an attempt to explain BPV: albumin, age, body weight, APACHE II score, SOFA score
on the day of sampling, total bilirubin, serum creatinine, creatinine clearance according
to the Cockcroft–Gault formula (CrClCG). The choice for CrClCG as renal estimator was
made to allow direct comparison with recent studies, which mostly considered CrClCG
as a covariate for ceftriaxone clearance. Afterwards, stepwise backward selection was
performed to check if the included covariate significantly contributed to the final model.
Model selection was based on the log-likelihood (i.e., −2LL). For the forward selection, a
significance level of 5% was used. For the backward selection, a stricter significance level
of 1% was applied. Finally, a visual predictive check (VPC) with 1000 simulations was
performed to assess the model’s capacity to predict the range of measured CEFu.

4.5. Agreement between Measured CEFu and Predicted CEFu

We assessed the agreement between measured CEFu and predicted CEFu using pub-
lished protein binding models, and also the model built in the present study. First, CEFu
was predicted using a fixed average percentage protein binding of 89.5%, corresponding
to an unbound fraction of 10.5% [15]. Second, accounting for saturable concentration-
dependent protein binding of ceftriaxone, CEFu was predicted using the following pub-
lished model [9,36,37]:

CEFu =
1
2
(−
(

nP +
1

kaff
− CEFt

)
+

√(
nP +

1
kaff

− CEFt
)2

+
4CEFt

kaff
) (4)

where CEFu stands for unbound ceftriaxone concentration (mmol/L), nP stands for ca-
pacity constant (517 µmol/L for ceftriaxone), kaff stands for binding affinity constant
(0.0367 L/µmol for ceftriaxone), and CEFt stands for total ceftriaxone concentration (mmol/L).

Third, the model for CEFt built in the present study was used to predict CEFu. Finally,
two published models (i.e., Bos model [18] and Leegwater model [10]), also describing
nonlinear albumin dependent protein binding, were used to predict CEFu.

Agreement between the measured CEFu and CEFu predicted with each of these five
methods was assessed by calculating bias (CEFu measured—CEFu predicted), relative
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bias (percent of mean CEFu measured) and relative root mean squared error (RMSE,
percent of mean CEFu measured). Additionally, agreement was graphically assessed in a
Bland–Altman plot [38]. The mean relative bias, and upper and lower limits of agreement
are shown.

4.6. PK/PD Target Attainment

For β-lactams, unbound concentrations above the MIC or 4-fold the MIC through-
out the whole dosing interval (i.e., 100% f T>MIC and 100% f T>4xMIC) have been recom-
mended as PK/PD target for optimal clinical outcome in ICU patients [6,11,39]. Both
targets were assessed in this study. As the causative pathogen and its MIC are usually
unknown upon (empirical) initiation of antimicrobial therapy, we assessed PK/PD tar-
get attainment according to a worst-case scenario. Therefore, considering the typical
target pathogens and their clinical MIC breakpoint for susceptibility to ceftriaxone, a
target MIC of 1 mg/L was chosen (i.e., breakpoint of Enterobacterales and Moraxella
cattarhalis recommended by the European Committee on Antimicrobial Susceptibility Test-
ing; http://www.eucast.org/clinical_breakpoints (accessed on 26 November 2020)) [1,2].
Hence, successful PK/PD target attainment is defined as CEFu exceeding 1 mg/L or
4 mg/L throughout the whole dosing interval, for 100% fT>MIC or 100% fT>4xMIC, respec-
tively. Successful target attainment in ≥90% of all dosing intervals was considered as an
acceptable overall target attainment.

The correlation of patient characteristics with PK/PD target attainment was evaluated
in univariate analysis. Additionally, we assessed (dis)agreement between PK/PD target
attainment based on CEFu predicted using the five aforementioned models and target
attainment based on CEFu measured in this study.

4.7. Statistical Analysis

The results are expressed as mean ± standard deviation or median (interquartile
range), as appropriate. Student’s t-tests or Wilcoxon rank sum tests are applied, as ap-
propriate, to investigate a potential association between patient covariates and PK/PD
target attainment. All analyses of CEFt and CEFu were performed in R (version 3.5.1 or
higher, R Core Team, Vienna, Austria) in the RStudio integrated development environ-
ment (version 1.3; RStudio, Inc., Boston, MA, USA). The following R packages were used:
dplyr, nlme, and ggplot2. The null hypothesis of µA = µB was tested against a two-sided
alternative hypothesis at the 5% significance level.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10050557/s1, Figure S1: VPC graph, Table S1: model parameters, File S1: bioanalyti-
cal method, File S2: protein binding equations.
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