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Our program

• How to define the right antibiotic ?

• The basis of the antibiotic 
Pharmacokinetics/Pharmacodynamics (PK/PD)

• TDM of 

– aminoglycosides

– vancomycin

– fluoroquinolones

– β-lactames

– linezolid

• a few words about the techniques and the need of bedside 
approach 
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once daily dosing:  efficacy -  toxicity

AUC driven TDM – continuous infusion

rational breakpoints -  emergence of resistance

coping with patients' variations and susceptibility loss

minimizing toxicity



The right antibiotic treatment ? …  I always wondered…
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https://expertconsult.inkling.com/read/mandell-douglas-
bennetts-infectious-diseases-8/mandell-douglas-and-
bennetts/cover

Chapter 17:
Principles of Anti-infective Therapy
George M. Eliopoulos
Robert C. Moellering Jr.*

"In choosing the appropriate antimicrobial agent for 
therapy for a given infection, a number of factors 
must be considered. 

• First, the identity of the infecting organism 
must be known or, at the very least, it must be 
possible to arrive at a statistically reasonable 
guess as to its identity on the basis of clinical 
information.

• Second, information about the susceptibility of 
the infecting organism, or likely susceptibility, 
must be as accurate as possible. 

• Finally, a series of factors specific to the patient 
who is being treated (and his/her disease) must 
be considered to arrive at the optimal choice of 
antimicrobial agent. "

https://expertconsult.inkling.com/read/mandell-douglas-bennetts-infectious-diseases-8/mandell-douglas-and-bennetts/cover


Here are the questions …

When choosing an antibiotic, do we know 
1. for the organism 

– its identity and whether it is causal or not ?

– its susceptibility to and the main key properties of the proposed 
antibiotic ?

2. for the patient

– the antibiotic effectiveness in the specific disease ?

– how to dose the antibiotic appropriately ?

– how to prevent / avoid patient- and drug-related side effects ?

3. for the society

– how to prevent emergence of resistance ?

– how to get "value for money" ?
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This is what 
we will 
mainly 
discuss
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But we 
cannot 

ignore this !



Possible answers for the organism …

When choosing an antibiotic, do we know 
1. for the organism 

– its susceptibility to the proposed antibiotic
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Susceptibility

• are in vitro methods predictive 
(and which ones to use) ?

• which interpretive criteria ? 

Know the limits of 
your methods … 

and your interpretive 
criteria…
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http://www.eucast.org

http://www.eucast.org/


Possible answers for the patient …

When choosing an antibiotic, do we know 
2. for the patient

– how to dose the antibiotic appropriately ?
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Starting PK/PD with a simple in vitro microbiological comparison

• bacteria in broth
• increasing 

concentrations
(multiples of MIC)

• measure of the 
change in CFUs over 
time 

Fast and concentration-
dépendant

quinolone …

Slow and time-
dépendant

β-lactam …

Vogelman & Craig (1986) Jounal of Pediatrics 108:835-840
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Moving to patients: PK parameters governing the activity of antibiotics
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How to determine which PK parameter is critical ?

• If you fractionate the daily dose, you change Cmax without changing AUC24h
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AUC24h is independent of the schedule
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How to determine which PK parameter is critical ?

• If you increase the dose without change of schedule, you increase BOTH 
Cmax and AUC24h
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antibiotic PK/PD parameter What to do ?

The 3 main patterns of antibiotic PK/PD properties
(W.A. Craig, 2000; revised in 2003)

* 2d ISAP Educational Workshop, Stockholm, Sweden, 2000;
revised accord. to Craig, Infect. Dis. Clin. N. Amer., 17:479-502, 2003

β-lactams time > MIC stay > MIC as needed

macrolides,
oxazolidinones,
vancomycin…

AUC24h / MIC give a sufficient 
total daily dose

quinolones
aminoglycosides

peak / MIC and
AUC24h / MIC

obtain a peak
and aim for a sufficient 

total daily dose
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An important consideration: What should we aim for ?

ln EC50 - 2

E50%

Emax Maximal effect

Emin Minimal effect

concentration
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How to be optimal ? 

If you select a β-lactam …

• cefotaxime

• neutropenic mice

• K. pneumoniae

• lung infection

100 % - Maximal effect

40 %
Static dose 



Breakpoint setting…
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Aminoglycosides …
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Aminoglycosides are concentration-dependent and need to be given 
once-daily both for increased efficacy and possible reduction of toxicity

Nicolau et al. Antimicrob Agents Chemother. 1995;39:650-5 - PMID: 7793867

https://www.ncbi.nlm.nih.gov/pubmed/?term=7793867


Aminoglycosides …
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19

Aminoglycosides are concentration-dependent and need to be given 
once-daily both for increased efficacy and possible reduction of toxicity

After Schorderet, 1998

1. clinical efficacy is maximal if Cmax = 8 x MIC

3. Compute the desired based on MIC (if available) 
or breakpoint (see EUCAST documents)

4. Compute the dose (Cmax x Vd)
Note: Vd = 0.2 L/kg in "nomal" patients but can be increased  

to 0.3 L/kg in infected patients)

2. select the appropriate route of administration 
( IV > IM )

For most patients:
• gentamicin / tobramycin / netilmicin daily dose: 6 mg/kg
 Cmax:  16 mg/L – will cover up to an MIC of 2 mg/L

• amikacin daily dose 15 mg/kg
 Cmax: 32 mg/L – will cover up to an MIC of 4 mg/L
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amikacin peak
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Aminoglycoside TDM: correct sampling !!

eligible patients: 102

inclusion: 94 patients  

111 treatments

vancomycin: 46

amikacin: 65 trough: 62

peak: 44

exclusions:
• 2 for inability to perform 

observation
• 6 for limited life expectancy

Ampe et al., unpublished

Observations of a clinical pharmacist about the correct peak sampling 

A large number of 
samples were not taken 
at the defined optimal 

time
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Therapeutic Drug Monitoring: aminoglycosides

Nicolau et al. Experience with a once-daily aminoglycoside program administered to 2,184 adult patients. 
Antimicrob Agents Chemother. 1995 Mar;39(3):650-5. PubMed PMID:7793867

Single concentration measured at 8 h 

• if level falls in q24h area, dosing 
interval is q24h

• same applies for areas q36h q48h 
(decr. creat. clearance). 

• if near line, choose longer interval

• if above the nomogram between the 
6- and 14-h time points, stop therapy 
and monitor for concentr. < 1 mg/L 
before next dose

Aminoglycosides: The "Nicolau's" nomogram with an 8h sampling time

https://www.ncbi.nlm.nih.gov/pubmed/?term=7793867


Once daily dosing of aminoglycosides: toxicity

When choosing an antibiotic, do we know 
2. for the specific patient

– how to prevent / avoid patient- and drug-related side effects
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aminoglycosides are concentration-dependent and need to be given once-
daily both for increased efficacy and possible reduction of toxicity



Aminoglycosides: can you do better ?
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Aminoglycosides: can you do better ?
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Fluorquinolones: the first study of antibiotics PK/PD…
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Fluorquinolones: the first study of antibiotics PK/PD…
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PKP/PD of ciprofloxacin: a Japanese testimonial
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PKP/PD of ciprofloxacin: a Japanese testimonial
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PK/PD breakpoints for fluoroquinolones

Van Bambeke F, Michot JM, Van Eldere J, Tulkens PM.  
Quinolones in 2005: an update. Clin Microbiol Infect. 2005 Apr;11(4):256-80. PMID: 15760423

0.5-1

0.5-1

0.5-1

1-2

0.5-1

EUCAST 
breakpoints



PK/PD of ciprofloxacin: a special population
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Guillot et al. Pharmacotherapy. 2010;30:1252-8 - PMID: 21114393

https://www.ncbi.nlm.nih.gov/pubmed/?term=21114393


PK/PD of ciprofloxacin: a special population
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Guillot et al. Pharmacotherapy. 2010;30:1252-8 - PMID: 21114393

Model 1: 10 mg/kg BID IV 1 day -- 15 mg/kg BID PO 1 day.
Model 2: 10 mg/kg BID IV 1–3 days -- 15 mg/kg BID PO 1 day, or 20 mg/kg TID PO - >3 days.
Model 3: 10 mg/kg IV -- 15 mg/kg BID PO

0.25 mg/L may be 
the max. MIC

https://www.ncbi.nlm.nih.gov/pubmed/?term=21114393


PK/PD of levofloxacin: limits in MICs
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PK/PD of levofloxacin: limits in MICs
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renal function class



PK/PD of levofloxacin: limits in MICs
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PK/PD of levofloxacin: limits in MICs
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renal function class



PK/PD of levofloxacin: limits in MICs
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• The opportunity to define permissible doses of levofloxacin in 
older patients was further strengthened by the findings of two 
recent reviews showing that levofloxacin is the fluoroquinolone 
associated with the highest risk of causing tendon damage 

• This may further strengthen the valuable role that a real-time 
therapeutic drug monitoring (TDM)-guided approach to 
levofloxacin dosage adjustments may have in preventing drug-
related toxicity in older patients.



Vancomycin

• Vancomycin is a AUC24h/MIC-driven antibiotic

• Vancomycin effective AUC24h/MIC should be around 400 (more 
than for fluoroquinolones) because of its poor tissue penetration 

• Yet, most (US) guidelines suggest to only measure trough (Cmin) 
levels ! 

11 Oct 2018 Laboratory Medicine at the Clinical Interface, Antalya, Turkey 38

Liu et al. Clin Infect Dis. 2011; ;52:e18-55 PMID:: 21208910

https://www.ncbi.nlm.nih.gov/pubmed/?term=21208910
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Liu et al. Clin Infect Dis. 2011; ;52:e18-55 PMID:: 21208910

• Trough vancomycin concentrations are the 
most accurate and practical method to guide 
vancomycin dosing (B-II). 

• For serious infections, such as bacteremia, 
infective endocarditis, osteomyelitis, 
meningitis,pneumonia, and severe SSTI (eg, 
necrotizing fasciitis) due to MRSA, 
vancomycin trough concentrations of 15–20 
µg/mL are recommended (B-II).

https://www.ncbi.nlm.nih.gov/pubmed/?term=21208910


Vancomycin: things are moving …
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Finch et al. Antimicrob Agents Chemother. 2017;61:e01293-17 - PMID: 28923869

https://www.ncbi.nlm.nih.gov/pubmed/?term=28923869


Vancomycin: things are moving …
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Finch et al. Antimicrob Agents Chemother. 2017;61:e01293-17 - PMID: 28923869

https://www.ncbi.nlm.nih.gov/pubmed/?term=28923869
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But there could be a better approach: continuous infusion

Ampe et al., International Journal of Antimicrobial Agents (2013) 41:439-446

• 54 patients (40 documented infections)
• target concentration: 25-30 mg/L
• loading dose: 20 mg/kg;
• infusion rate: 2.5 g/day 

(adapted to renal function and corrected by therapeutic drug monitoring)

patients with 
risk of under-

treatment
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relation between AUC24h / MIC (E-Test) and clinical efficacy (n=19)
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Results are quite clear for efficacy….

Ampe et al., International Journal of Antimicrobial Agents (2013) 41:439-446
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But there still are huge variations in blood levels

s u c e s s iv e  v a n c o m y c in  s e ru m  le v e ls  v a lu e s  in  in d iv id u a l p a t ie n ts
w ith  >  3  d e te rm in a tio n s  a f te r  th e  f irs t  9 6 h  o f  t re a tm e n t  (n  =  5 2 )
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Ampe et al., International Journal of Antimicrobial Agents (2013) 41:439-446
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β-lactams

• β-lactams have been long considered as drugs with  a very 
large therapeutic ratio…  So, why bother about monitoring 
them… ?

• but two things have now appeared as critical

– the rise in MICs, creating a risk of under-treatment with the 
current dosages

– the huge variability of PK parameters (Vd and clearance) 
between patients and over time (ICU) 
 under-treatment
 toxicity
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What is the correct target for a β-lactam ?

Delattre et al.Expert Rev Anti Infect Ther. 2017;15:677-88 - PMID: 28571493

https://www.ncbi.nlm.nih.gov/pubmed/?term=28571493
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What is the correct target for a β-lactam ?

Delattre et al.Expert Rev Anti Infect Ther. 2017;15:677-88 - PMID: 28571493

https://www.ncbi.nlm.nih.gov/pubmed/?term=28571493
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Illustration from animal data…

• cefotaxime

• neutropenic mice

• K. pneumoniae

• pulmonary infection

100 % - Maximal effect ?

40 %
Static dose ? 



11 Oct 2018 Laboratory Medicine at the Clinical Interface, Antalya, Turkey 50

What is the correct dose for your patient

40 %

Mild infections in a non-
immunocompromised patient

100 % ?

Severe infection in an 
immunocompromised 

patient
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but maybe even more ?

Mouton JW, Vinks AA. Curr Opin Crit Care. 2007 Oct;13(5):598-606.



But which MICs ?
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Mesaros et al. CMI (2007) 13: 560–578 
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But are all patients equal ?

But are all patients 
really alike

Concentration profile of a β-lactam in volunteers
Vd = 20 L, ka = 1.2 h-1, ke = 0.3 h-1
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Wat is a "standard" patient ?
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Here is the daily reality …
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Today, monitoring β-lactams becomes a reality



11 Oct 2018 Laboratory Medicine at the Clinical Interface, Antalya, Turkey 57

β-lactam monitoring: a typical and early example
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β-lactam monitoring: a typical and early example



Monitoring of β-lactams in special populations (1)
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Monitoring of β-lactams in special populations (1)
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• In the context of critical illness, there is strong data 
demonstrating that standard dosing regimens for many 
antibiotics frequently fail to provide optimal PK/PD exposure in 
critically ill patients. 

• Given that pharmacokinetic exposures can be very difficult-to-
predict in some patients, TDM is valuable to identify these 
patients and guide dose optimization. 

• TDM can ensure attainment of PK/PD surrogate indicators of 
antibiotic efficacy, and therefore potentially improve patient 
outcome.



Monitoring of β-lactams in special populations (2)

11 Oct 2018 Laboratory Medicine at the Clinical Interface, Antalya, Turkey 62

Jacobs et al. Antimicrob Agents Chemother. 2018;62:pii: e02534-17 - PMID: 29987138

https://www.ncbi.nlm.nih.gov/pubmed/?term=29987138


Monitoring of β-lactams in special populations (2)
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Jacobs et al. Antimicrob Agents Chemother. 2018;62:pii: e02534-17 - PMID: 29987138

Currently, we 
recommend, when 
possible, TDM-guided 
therapy to optimize 
PK/PD target attainment 
in critically ill patients 
and particularly in those 
at risk of ARC.

https://www.ncbi.nlm.nih.gov/pubmed/?term=29987138


Monitoring of β-lactams in special populations (3)
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Jung et al. Crit Care Med. 2017;45:e470-e478 - PMID: 28240688

https://www.ncbi.nlm.nih.gov/pubmed/?term=28240688


Monitoring of β-lactams in special populations (3)
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Jung et al. Crit Care Med. 2017;45:e470-e478 - PMID: 28240688

Piperacillin blood concentrations (median, quartiles, and individual values) over the 7-d study period for non-obese (n = 12) and 
severely obese (n = 11) patients. The Pseudomonas aeruginosa minimal inhibitory concentration breakpoint (16 mg/L), 4-fold the 
breakpoint (64 mg/L), and the potential piperacillin toxic concentration threshold (150 mg/L) are represented as dashed lines.. 
*Between obese and non-obese patients over time, adjusted to SOFA score.

https://www.ncbi.nlm.nih.gov/pubmed/?term=28240688
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Today, TDM of β-lactams may become a reality

• Therapeutic drug monitoring (TDM) is a 
strategy that may help to optimize dosing. 

• Ideally, methods used for routine TDM should 
have a short turnaround time (fast run-time 
and fast sample preparation), a low limit of 
quantification and a sufficiently high upper 
limit of quantification. 

• There is also a growing number of methods 
measuring free concentrations. 



What about oxazolidinones (linezolid) ?
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Cattaneo et al. Expert Opin Drug Metab Toxicol 2016;12:533-44 - PMID: 26982718

https://www.ncbi.nlm.nih.gov/pubmed/?term=26982718


Linezolid: huge variations in Cmin …
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Cattaneo et al. Expert Opin Drug Metab Toxicol 2016;12:533-44 - PMID: 26982718

https://www.ncbi.nlm.nih.gov/pubmed/?term=26982718


Linezolid: many factors affecting its pharmacokinetics…
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Cattaneo et al. Expert Opin Drug Metab Toxicol 2016;12:533-44 - PMID: 26982718

https://www.ncbi.nlm.nih.gov/pubmed/?term=26982718


Toxicodynamics: what drives linezolid toxicity…
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Theuretzbacher U, PK/PD of Oxazolidinones In: Fundamentals of Antimicrobial Pharmacokinetics and Pharmacodynamics, 
AA. Vinvk, H. Derendorf & JW Mouton eds, Springer, 2014, p 401-443
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Where are we now ?
1. know your antibiotic and its PD parameter

 time-,  AUC24h-, of Cmax- driven

2. look for the pertinent PK data and the recommended 
dosages … 

3. compute the pertinent "PK/PD parameter – MIC" ratio / 
target  that will ensure efficacy

– β-lactams: f T > MIC = 30 to 100 % of the dosing interval
– aminoglycosides: Cmax = 8 x MIC
– fluoroquinolones:  AUC24h/MIC = 30 (min.) -125 (preferred) 
– vancomycin: AUC24h/MIC = 400
– macrolides: AUC24h/MIC = 30
– tetracyclines (incld. tigecycline): AUC24h/MIC = 7-10
– linezolid: avoid Cmin > 7 mg/L (for toxicity)

4. Check your local epidemiology for MICs  … 

Check the 
drug label 

and 
pertinent 

publications
… or rely on 

a clinical 
pharmacist !

Ask your 
microbiologist



Beyond the patient, answers for the Society …

When choosing an antibiotic, do we know 
3. for the society

– how to prevent emergence of resistance ?
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This is probably a most difficult challenge because 
• resistance genes are already present in nature (resistome)
• bacteria quickly adapt to new environments (mutation/selection)

Hu et al. Front Med 2017;11:161-168 - PMID: 28500429

https://www.ncbi.nlm.nih.gov/pubmed/?term=28500429
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This is probably a most difficult challenge because 
• resistance genes are already present in nature (resistome)
• bacteria quickly adapt to new environments (mutation/selection)

Hu et al. Front Med 2017;11:161-168 - PMID: 28500429

https://www.ncbi.nlm.nih.gov/pubmed/?term=28500429
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MIC may increase during treatment !

meropenem (n=28)
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piperacillin-tazobactam (n=31)
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Change in MIC of antibiotics used in empiric antipseudomonal therapy (nosocomial pneumonia; intensive care units) 
towards the isolate identified before onset of therapy (D0) vs. the last isolate (DL) collected from the same patient and 
with clonal similarity with the first isolate. Differences were analyzed using both raw and log2 transformed data and 
found significant by both non-parametric (Wilcoxon matched pair test) and parametric (two-tailed paired t-test) 
analysis. 

Riou et al. Int J Antimicrob Agents. 2010 Dec;36(6):513-22.



Optimization may prevent emergence of resistance
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Tam et al. J Antimicrob Chemother 2017;72:1421-1428 - PMID: 28158470

Simulation of serum 
concentration levels 

(hollow fibers model)

https://www.ncbi.nlm.nih.gov/pubmed/?term=28158470
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Tam et al. J Antimicrob Chemother 2017;72:1421-1428 - PMID: 28158470

Optimization may prevent emergence of resistance

placebo

ceftazidime
0.5 g q8h

ceftazidime
3 g g q8h

To prevent emergence of resistance, Cmin of  
β-lactams must stay > 4 x MIC (mean), 
which commands higher dosages…

4 x MIC

https://www.ncbi.nlm.nih.gov/pubmed/?term=28158470
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Avoiding the window for selection of resistance

Time after administration

MIC

MPC

co
nc

en
tra

tio
n

MSW

Mutation selection window

concept taken from Drlica & Zhao, Rev. Med. Microbiol. 2004, 15:73-80
and Journal of Antimicrobial Chemotherapy 2008, 62:434–436 
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Avoiding the window for selection of resistance

MIC

MPC

MSW

No therapeutic effect

eradication of first mutants and efflux-mediated resistance

selection of first mutants 
and of efflux

Time after administration

co
nc

en
tra

tio
n

concept taken from Drlica & Zhao, Rev. Med. Microbiol. 2004, 15:73-80
and Journal of Antimicrobial Chemotherapy 2008, 62:434–436 
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AUC24h / MIC = 125 en Cmax / MIC > 10 as parameters for 
efficacy and prevention of resistance of fluoroquinolones:

which MICs can you cover with standard treatments ?

Van Bambeke F, Michot JM, Van Eldere J, Tulkens PM.  
Quinolones in 2005: an update. Clin Microbiol Infect. 2005 Apr;11(4):256-80. PMID: 15760423



TDM of antibiotics …
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Dosage
Serum

concentrations

Concentration at 
the site of 
infection

Concentration in 
non-target organs

Therapeutic 
effects

Toxic 
effects

prevention of resistance

TDM might be the key …
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