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Abstract

In beta-lactam therapy, investigation of the pharmacokinetic-pharmacodynamic (PK-PD) relationship has
provided surrogate makers to predict clinical outcome. This study was designed to verify the therapeutic efficacy and
clinical utility of beta-lactam therapeutic drug monitoring (TDM) in critically ill patients using high-performance liquid
chromatography (HPLC). This cohort study included 13 patients who were intravenously administered ceftazidime (n
=6), cefepime (n = 1), imipenem (n = 1), meropenem (n = 1), or piperacillin (n = 4). Blood samples were collected at
3 time points fitted to a 1-compartment model, and concentrations were determined using HPLC. The PK-PD target
was the percentage of the dosing interval during which the antibiotic concentration exceeded the minimum inhibitory
concentration for the pathogens (%T > MIC), which is 50% for penicillins (piperacillin), 60% for cephalosporins
(ceftazidime and cefepime), and 40% for carbapenems (imipenem and meropenem). Our process using HPLC
enables the analytical results of TDM to be available within half a day. The results revealed significant inter-patient
pharmacokinetic variability. During the initial regimen, beta-lactam concentrations reached the target %T > MIC in all
patients, and dosage reduction was required for 5 patients (38%). Of the 13 evaluable patients, clinical improvement
was observed in 11 (85%), and microbiological success was observed in 10 (77%). In summary, beta-lactam
TDM achieved the treatment goals and might also allow for the personalization to prevent overdosing for variable
pharmacokinetic changes in critically ill patients. These findings indicate that beta-lactam TDM using HPLC can be
used in the standard pharmacy clinical practice for critically ill patients.
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Introduction

Beta-lactams are administered as first-line therapy for the majority
of infections. The pharmacokinetic-pharmacodynamic (PK-PD) theory
indicates that the antibacterial activity of these antibiotics is time-
dependent. Dr. Craig and colleagues demonstrated that the percentage
of time of the dosing interval during which the antibiotic concentration
exceeds the minimum inhibitory concentration for pathogens (%T >
MIC) was linked to the antibiotics’ microbiological and clinical effects
in vivo in animals and humans and in vitro [1]. Thus, to achieve a
bactericidal effect, laboratory and clinical evidence indicates that the
%T > MIC should be 50% for penicillins, 60% for cephalosporins, and
40% for carbapenems; these appear to be the PK-PD target values for
individualized dosage regimens [1,2].

Optimizing the antibiotic regimen should be considered as a critical
strategy to maximize therapeutic success while minimizing toxicity
and the development of resistance for infectious disease patients
[3,4]. Traditionally, although glycopeptides and aminoglycosides are
applied to therapeutic drug monitoring (TDM) to prevent toxicity,
this approach has not been widely applied to beta-lactams because
of their safety. In beta-lactam therapy, an understanding of the PK-
PD relationship has provided surrogate makers to predict the clinical
outcome and indicated that it is increasingly necessary to individualize
antimicrobial regimen to achieve the optimal antimicrobial treatment
rather than to avoid toxicity.

For the clinical application of the PK-PD theory for beta-lactams,

a continuous or long-term infusion of beta-lactams has been used
because the time-dependent antibiotic activity associated with this
approach was superior to a short-term infusion over the last decade
[5,6]. However, these studies did not use individually targeted
approaches based on the actual serum concentration of beta-lactams
and their pharmacokinetics. Although the best clinical practice is
to estimate the pharmacokinetic parameters for each patient, the
implementation of beta-lactam TDM based on Craig’s indices has yet
to be investigated in the clinical practice [7]. The aim of this study was
to validate the clinical utility of patient-specific beta-lactam TDM in
pharmacy clinical practice.

Methods

Patients

Patients were included in the study if (1) they had an indication
to receive beta-lactams intravenously as a definite therapy, and (2)
beta-lactam TDM was encouraged by infectious disease physicians
for critical infections. The exclusion criteria included patients aged
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< 20 years, a history of an allergy to any beta-lactam, pregnancy and
lactation. As a result, 13 patients (9 males and 4 females; median age, 62
years; interquartile age range, 58 - 80 years; mean * standard deviation
(SD) actual body weight, 61.2 + 13.5 kg) were enrolled in this study.
This study was a prospective cohort clinical trial carried out from
February 2009 to December 2010. The study protocol was approved
by the Scientific and Ethics Committees of Saga University Hospital
and submitted for review. Written informed consent was obtained
from each patient or first-degree relative if the patient was unable to
give informed consent owing to his or her condition. We collected
demographic and laboratory data (age, gender, weight and serum
creatinine). Creatinine clearance was estimated using the commonly
used Cockcroft-Gault equation (Cockeroft CLcr).

Determination of beta-lactam concentrations

The following beta-lactams were subjected to TDM: ceftazidime
(CAZ), cefepime (CFPM), imipenem (IPM) in combination with
cilastatin, meropenem (MEPM) and piperacillin (PIPC; either
alone or in combination with tazobactam). The initial dosage was
chosen empirically. Standard infusion times for beta-lactams at
Saga University Hospital are 0.5 - 1.0 h. Samples (5 mL) of venous
blood for all beta-lactams were collected to determine the antibiotic
concentration at the 3 following time points: prior to administration
(trough level, within 10 min before drug administration) and at 2 other
time points at least 30 min apart after the end of drug administration
(during the elimination phase). The exact sampling time was recorded
by medical staff. Blood samples were centrifuged at 5000 x g for 10
min. The obtained plasma was centrifuged in tubes containing filters
with a cut-off of approx. 10 kDa (Microcon Ultracel YM-10; Millipore,
Bedford, USA) in a fixed-angle rotor at 14000 x g at 37°C for 10 min.
The ultrafiltrate concentrations of free beta-lactam in the serum were
determined by high-performance liquid chromatography (HPLC), as
previously described with a slight modification [8-10]. As the protein
binding rate is low for these beta-lactams, the free concentration is not
significantly different from the total concentration [11].

Pharmacokinetic-pharmacodynamic analyses

Pharmacokinetic parameters were individually derived for each
antibiotic and each subject. The serum concentration data (3 points)
were fitted to a 1-compartment model. Using the Sawchuk-Zaske
method, the pharmacokinetic parameters were determined using
systemic clearance (CL) in mL *min”, volume of distribution (Vd) in
L, and elimination half-life (t, ,) in h. Descriptive statistics (mean + SD)
were used to summarize the pharmacokinetic parameters of CAZ and
PIPC. In each patient, the profile of the concentration-time curve was
simulated using patient-specific pharmacokinetic values, and the %T >
MIC from 0 h (time of administration) to 24 h was calculated by using
a single-dose infusion model with the following equation [12]:

Rinf/CL Rinf 1] 100
—) +1 —“In(MIC) |X——x—
rmticLwic’ e ™ )} kel} T

%T > MIC :{Tmf {m(

This equation assumes that the peak concentration at the end of
the infusion is calculated as R _/CL. T,  is the infusion time in h, R, is
the infusion rate in mg *h™, CL is the clearance rate in L *h’, kel is the
rate constant, and T is the dosing interval in h. MICs for the pathogens
were determined using the microdilution method. Dosage adjustment
or frequency increase was performed when the %T > MIC was below
50% for PIPC, 60% for CAZ and CFPM and 40% for IPM and MEPM

against each pathogen (bactericidal exposures). Because the serum

concentration of beta-lactams does not have to remain above the MIC
for the entire dosing interval in order to achieve the maximal effect,
a lower dose can be used to produce an equivalent effect with lower
adverse events. So, according to the pharmacokinetic model, if serum
concentrations were enough too high, initial dosage was reduced to
maintain bactericidal exposures. TDM was performed only once per
patient.

Descriptive statistics were calculated using the SYSTAT version
10.2 software (Systat Software, Inc., Chicago, IL, USA).

Response to therapy

The efficacy variables were clinical and bacteriological responses.
The clinical response was categorized as cure, failure or undetermined
by infectious disease physicians. A cure was comprehensively defined
as diminishing signs and symptoms. The bacteriological response was
categorized as eradication, persistence or undetermined by bacterial
cultures. An eradication was defined as over 1 set of negative follow-up
screenings.

Results and Discussion

The use of beta-lactam TDM by HPLC in the clinical setting

To our knowledge, this is the study to describe the use of beta-
lactam TDM in the daily clinical practice for critically ill patients using
HPLC. Generally, there are some significant hurdles with beta-lactam
TDM, for example the fact that HPLC has a slow turnaround time.
Using ultrafiltration, we can simply measure free (pharmacologically
active) beta-lactam concentrations for less than several hours. Another
hurdle is the complexity of pharmacokinetic analysis. We calculated
the individual pharmacokinetic profile of beta-lactam using a
1-compartment model, which is the most acceptable pharmacokinetic
model for use in the clinical setting. Some antibiotic PK-PD trials
employed multi-compartment models, but any model was employed
the same as a non-compartmental model [13,14]. Our process enables
the analytical results of TDM to be available within half a day.

Patients

Total characteristics of the patients are shown in Table 1. Six
patients were treated with CAZ, 1 with CFPM, 1 with IPM, 1 with
MEPM, and 4 with PIPC. Four patients (Patient 2, 3, 5 and 13; Table 1)
had renal dysfunction (Cockcroft CLcr < 50 mL *min™) and 5 patients
were receiving renal replacement therapy (continuous venovenous
hemodiafiltration, Patient 4, 9, 10 and 11; hemodialysis, Patient 12;
Table 1). The infecting pathogens were 14 gram-negative bacilli and
1 gram-positive coccus. In these strains, the MIC of the beta-lactams
ranged from 0.5 to 8 mcg *mL". The infectious diseases requiring beta-
lactam therapy were as follows: bacteremia (n = 6), pneumonia (n = 3),
pyelonephritis (n = 2), peritonitis (n = 1), and prosthetic joint infection
(n=1).

Pharmacokinetics and pharmacodynamics

All blood samples were collected in non-anticoagulant (red
top) tubes and immediately analyzed. For PIPC, the following
pharmacokinetic parameters were noted: t, , = 3.1 £ 1.3 h, Vd = 22.2
+ 112 L, and CL = 95.2 £ 15.1 mL *min™. For CAZ, the following
pharmacokinetic parameters were noted: t, , = 17.6 £ 16.6 h, Vd = 13.5
+ 5.6 L, and CL = 24.7 + 34.5 mL *min”, respectively. A comparison
of the PIPC and CAZ data obtained in this study versus the published
data [15,16] is given in Table 2. In our patients, the PIPC mean t
kel’ Vd and CL were 3.9-fold greater, 3-fold smaller, 2.1-fold greater
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Patient |Age (yr)/ |Weight Cockcroft . . Pathogen / Initial Dosage Initial Clinical Microbiological
. Diagnosis Beta-lactam . -
No Gender |(kg) | CL_(mL-min) MIC(mg-L") dosage change %T>MIC |efficacy efficacy
1 59 /M 62.2 76.1 Pneumonia P.a/8 CAZ 29, q8h 19, g3h 100 Cure Eradication
2 81/M 64.7 33.6 Bacteremia E.cl./0.5 MEPM 0.5g,g6h |0.5g,912h 100 Failure Undetermined
3 83/M 436 |20 Pyelonephritis |P.a./2 CAZ 29, q24h 19, q12h 100 Cure Eradication
IPM
4 58/F 60 CVVHDF Peritonitis E.co./0.5 8 - 8 0.5g, g12h |0.5g, g24h 100 Cure Eradication
with cirastatin
5 80/F 418 6.85 Bacteremia E.co./0.5 CAZ 2g, q24h 19, 924h 100 Undetermined | Eradication
6 54 /M 67.2 143 Bacteremia P.a./8 CFPM 19, q8h No 58 Cure Eradication
S.d./2
7 21/ M 94.2 195 Bacteremia E co/2 PIPC 49, gq6h No 100 Cure Eradication
Renal abscess PIPC i X
8 84 /F 52.6 66.9 - E.co./2 - 4.59,q8h No 100 Failure Persistence
Bacteremia with tazobactam
- PIPC _
9 58/M 62 CVVHDF Pyelonephritis | E.co./2 - 4.5g,98h No 100 Cure Undetermined
with tazobactam
) PIPC i
10 82/M 74.3 CVVHDF Pneumonia E.cl./2 . 4.59,912h No 100 Cure Undetermined
with tazobactam
11 62/M 612 |CVVHDF Bacteremia Ck./1 CAZ 29, q12h 19, q12h 100 Cure Eradication
Prosthetic joint . o
12 58 /M 51.1 IHD : P.a./4 CAZ 1g after IHD No 100 Undetermined | Eradication
Infection
13 781F 60.7 431 Pneumonia P.a./1,Ab./4 |CAZ 29, q12h 19, q12h 100 Cure Eradication

Cockcroft CLcr , Creatinine clearance caluculated according to the Cockcroft-Gault formula; MIC, minimum inhibitory concentration; %T>MIC, the percentage of time of
the dosing interval during which the antibiotic concentration exceeds the MIC for the pathogens; CVVHDF, continuous venovenous hemodiafiltration; IHD, intermittent
hemodialysis; CAZ, ceftazidime; MEPM, meropenem; IPM, imipenem; CFPM, cefepime; PIPC, piperacillin;

P.a., Pseudomonas aeruginosa; E.cl., Enterobacter cloacae; E.co., Escherichia coli; S.d., Streptococcus dysgalactiae; C.k., Citrobactor koseri; A.b., Acinetobacter

baumannii

Table 1: Patient characteristics of 13 patients.

Piperacillin (Mean £ SD ) Ceftazidime (Mean + SD )
PK Parameter . A . -
This study Occhipinti et al. [15] This study Lithy et al. [16]
t,, (h) 31+13 0.8+0.1 176+ 16.6 19+0.2
Vd (L) 222+11.2 105+1.4 135+5.6 147+14
CL (mL-min) 95.2+15.1 182.0 £ 20.0 247 +345 116.0 + 18.0

SD, standard deviation; t1/2, elimination half-time;
Vd, volume of distribution; CL, total drug clearance

Table 2: Comparison of piperacillin and ceftazidime pharmacokinetic parameters in this study versus published data for healthy volunteers.

Beta-lactam Patients No revision Increased dosing frequency? Dose increased Dose decreased
Ceftazidime 6 (46%) 1(17%) 1(17%) 0 (0 %) 4 (67%)
Cefepime 1(8%) 1(100%) 0 (0%) 0 (0%) 0 (0%)
Imipenem 1(8%) 1(100%) 0 (0%) 0 (0%) 0 (0%)
Meropenem 1(8%) 0 (0%) 0 (0%) 0 (0%) 1(100%)
Piperacillin 4 (30.8%) 4°(100%) 0 (0%) 0 (0%) 0 (0%)

Total 13 (100%) 7 (54%) 1(8%) 0 (0%) 5 (38%)

aDosing frequency increase include dose not change
®Includes Patient 8

Table 3: Result of dose adjustment following beta-lactam therapeutic drug monitoring.

and 1.9-fold smaller, respectively, and the CAZ mean ty Vd and
CL were 9.3-fold greater, equal and 4.7-fold smaller, respectively,
than the values for healthy volunteers. Today, only a small number
of patients are assessed in pharmacokinetic studies. Monte Carlo
simulation has replaced these approaches to attain PK-PD targets
against specific pathogens to predict the clinical outcome [17,18].
Therefore population pharmacokinetic parameters are essential
for Monte Carlo simulation. Population pharmacokinetic analyses
have been generally determined in healthy volunteers, since several
studies have indicated that there is no difference between healthy
volunteers and patients in terms of pharmacokinetic profiles [17,19].
Nevertheless, true between-patient variability was observed in our
patients. In addition, the pharmacokinetic profiles of PIPC and CAZ
in this study were significantly different from those in the healthy

volunteers. This significant difference demonstrates the benefit of the
monitoring on actual serum concentrations and pharmacokinetics
for each patient. Furthermore, for renal elimination of antibiotics, it
is difficult to precisely estimate the pharmacokinetic parameters for
critically ill patients by using population pharmacokinetic analysis
(e.g., Bayesian estimation), because correct Cockcroft CLcr values
cannot be obtained in the case of critical illness [20,21]. So given the
beta-lactam pharmacokinetics without Cockcroft CLcr, TDM appears
to be a valuable method [22].

The %T > MIC for each individual patient are shown in Table 1.
Certainly, the beta-lactam serum concentrations in many patients were
high enough because of renal function impairments as well as relating
low MICs for the pathogens encountered in this study. Consequently,
all of the patients in this study achieved the target value with an
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empirical dosage. The %T > MIC for Patient 6 was considered to be
approximately 60 %. Clinical situations are particularly heterogeneous;
therefore, treatment individualization must ensure the best match
between the pharmacokinetic and pharmacodynamic properties. Thus,
TDM appears to be a valuable method for beta-lactam therapy.

Dose individualization

Initial dosage and dosage change for each individual patient are
shown in Table 1, and the effects of beta-lactam prescribed for dose
adjustment during TDM are described in Table 3. In 1 patient (Patient
3; 8% of patients), the dosage per day was maintained, but the dosing
frequency was increased. In 5 patients (Patients 1, 2, 5, 11, and 13; 38%
of patients), antibiotic levels were considered to be too high, and the
beta-lactam dosages were therefore reduced. No patients received an
increased dosage. Dr. Blondiaux and colleagues reported that TDM-
guided dose adjustment was required in 50% of patients for the
continuous infusion of PIPC in combination with tazobactam [23].
Similarly, in this study, the patients required a correction of their initial
regimens following TDM and the most of them were successful in
decrease beta-lactam dosages in the present study. These results suggest
that TDM-driven dose personalization is required for beta-lactams in
clinical practice.

Eleven of the 13 patients (85%) were clinically evaluable and
10/13 patients (77%) were also microbiologically evaluable. Success
was achieved in 9/11 (82%) clinically evaluable patients and in 9/10
(90%) microbiologically evaluable patients. A few clinical studies
have attempted to evaluate the relationship between PK-PD targets
and clinical success. Dr. Scaglione reported that the treatment failure
rate was 17.5% during TDM approaches for antibiotics of various
categories [24]. Dr. Roberts and colleagues suggested the use of trough
concentrations as another PK-PD target at 4-5 x the concentration of
the MIC for the pathogen and reported that the clinical success rate
was 87.3% during beta-lactam TDM [25]. As observed by Dr. Roberts
and colleagues, contrasting target values of %T > MIC were recently
reported by some authors [26,27]. The very limited pertinent literature
for beta-lactam TDM does not allow a direct comparison between our
evaluation and those of previous trials; however, the results from the
available reports and the present study are equivalent and suggest that
beta-lactam TDM is useful to successfully personalize treatment. For
a more precise success rate, further investigations are necessary to
determine the optimal targets for %T > MIC.

Conclusion

In daily clinical practice, beta-lactam TDM using HPLC achieved
the treatment goals and might also allow for the personalization to
prevent overdosing for variable pharmacokinetic changes of critically
ill patients. This study had a small sample size; however, these findings
indicate that beta-lactam TDM using HPLC can be used in the standard
pharmacy care.
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