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Outline presentation

• PK/PD principles of antibacterial drugs
• Population Pharmacokinetics
• Assay reliability
• Optimal sampling
• PK/PD principles of antifungal drugs
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Mortality: increases
with 10% for each
hour delay.

Time is critical: 
Get dose right from
the beginning!

Empiric therapy (severe infections)
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The solution

Modernise the use of our existing drugs!
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Therapeutic Drug Monitoring

• Goal: To better integrate pharmacodynamic and 
pharmacokinetic knowledge for optimal dosing:
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Basic PD principles of antibiotics

• Pharmacokinetic/ 
Pharmacodynamic (PK/PD) 
principles in the relevant 
dosing range:

Local concentration

Bacterial
Killing
Rate

§ Concentration dependent
antibiotics: bacterial killing
increases with increasing
concentration

§ Time dependent antibiotics: 
bacterial killing is independent 
from concentration

Aminoglycosides
Fluorquinolones

Beta-lactams

9



Pharmacodynamic principles:
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AMINOGLYCOSIDES
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PK/PD principle: Cmax / MIC
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Aminoglycosides, efficacy

• Relationship between maximal
concentration and bacterial
killing over time in an animal
model of P aeruginosa infection:

Craig, Scand J Inf Dis 1990 13Time



Aminoglycosides, efficacy

Initial serum 
peak level 

Died 
(%)

Survived 
(%)

< 5mcg/ml 21 79

>= 5mcg/ml 2 98

Moore, J Inf Dis 1984; Moore, J Inf Dis 1987 14

EUCAST: Ps aeruginosa MIC breakpoint = 4 mg/L



Aminoglycosides, toxicity

• GFR loss in animals
related to drug and days
of treatment

Cojocel 1984 15



Which is more toxic, gentamicin or tobramycin?

• Study
– Retrospective study general hospital

• Patients
– Gentamicin group à may 2008 – december 2009
– Tobramycin group à january 2010 – may 2012
– No difference in treatment protocol: 1st dose kinetics

• Primary outcome
– Difference in serum creat (end – start treatment)

Van Maarseveen, JAC 2014 16



Study population
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RIFLE stage gentamicin
(n=202)

tobramycin
(n=186) OR 95%-CI p-value

R 43 19 2.4 1.2-4.7 0.01

I 11 7 1.5 0.5-3.8 0.48

F 5 2 2.3 0.4-12.0 0.45

Results
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Post MIC
effect

Craig, JAC 1993

Time > MIC
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Summary Aminoglycosides

• Concentration dependent killing of bacteria
• Peak/MIC ratio >8-10
• Post-MIC effect (7 hours)
• Increasing dosing interval decreases renal toxicity
• Tobramycin most probably less nephrotoxic than gentamicin
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BETA LACTAM ANTIBIOTICS
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Time C > MIC
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Beta-lactam antibiotics
• Bacterial growth with two dosing

regimens of ticarcillin in neutropenic
mouse P. aeruginosa infection models:

Gerber, J Inf Dis 1983

Dose T>MIC Outcome

30 mg/kg 
q 3hrs

35% Growth

10mg/kg 
q 1h

60% No growth

Control

MIC
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Time above MIC

• Neutropenic animal studies with 
penicillins, cephalosporins and 
carbapenems.

• Time > MIC:
– At least 50%
– Carb < Pen = Cef

Andes and Craig, Int J Antimicrob Ag 2002

Growth

Kill Kill
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Continuous infusion
• P. aeruginosa exposed to ceftazidime

c.i.
• Steady-state free concentrations

studied:
– 1x MIC (o - - o)
– 4x MIC (+——+)
– 16x MIC (D - - D)

Mouton, AAC 1994

Control
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Clinical evidence in favor of c.i.?
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Clinical evidence for c.i.

Lodise, CID 2007 27



Protein binding

• Most beta-lactams are hardly bound to plasma proteins except:
– Flucloxacillin: 95% protein bound
– Ceftriaxone: 90-95% protein bound

• Free concentration is effective (flucloxacillin 5% of total)!
• Protein binding can get saturated at high levels

– Increase of clearance: lower total concentrations

• Hypoalbuminemia can give saturation of protein binding at therapeutic levels or less
– Increase of clearance: lower total concentration
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HOW TO INTEGRATE THIS INTO TDM?
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When TDM?

• With the present PK software equipped with a population PK 
model there is no need to wait for steady-state, besides, 
severely ill patients will never be in a steady-state.
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Patient data

PK software, goal

Calculate new dose

Serum concentration

‘A priori’ dose
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Principle of Therapeutic Drug Monitoring

• Goal-oriented, model-based 
dosing:

• Define the therapeutic goal.
• Start an optimal ‘a priori’ dosing

scheme based on a population PK 
model and patient data (gender, 
height, weight, renal function, …).

• Draw blood samples at one or
more optimally chosen moments.

• Feed the data to the PK software.
• Calculate the new dose.
• Look at the response of the 

patient
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TDM

• What you need for Therapeutic drug monitoring:
– PK/PD targets
– Population pharmacokinetic model for the ‘a priori’ dose
– Patient characteristics
– Knowledge when to take sample(s)
– Knowledge on the reliability of your assay results
– Pharmacokinetic software (e.g. OPT, MWPharm)
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How do you know the PK in your patient to calculate 
the ‘a priori’ dose?

Individual PK parameters?
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Population PK 
parameters

Individual PK parameters?
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Population PK model:

Model:
mean, sd

1

7

N

2
3

6

5

4

Confounders: gender, height, body weight, renal function, ...
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Reliability of the assay

assay pattern
y = 0.568 - 0.171X + 0.022X2

serumlevel (mg/L)

ass
ay 

sd 
(mg

/L)

0.0 2.5 5.0 7.5 10.0 12.5 15.0
0

1

2

3

• Description of the assay error:
– E.g. for an HPLC assay: s.d. = LLOQ + 0.05 * C
– But for an immuno-assay:

Trough level is the least reliable!
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Trough level is the least reliable

• Suppose you only measure a trough level and 
the result is <0.5 mg/L. This means that the 
real result is somewhere between 0 and 1 
mg/L.

– Red graph (trough = 
0.1 mg/L): AUC=66

– Green graph (trough = 
1 mg/L): AUC=104
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Optimal sampling

• Why optimal sampling?
– You want the most of the information from a limited number of 

samples.
– You want the best information from each sample.
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D-Optimal sampling

− Optimal sampling time for Vd:
− differentiate dCp/dt = maximal:
− t = end of administration

− Optimal sampling time for Cl:
− differentiate dCp/dt = maximal:
− t = 1/Kel (~1.5 x t1/2)

PK described with Vd and Cl:
Every sample has different information:
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assay pattern
y = 0.568 - 0.171X + 0.022X2

serumlevel (mg/L)

ass
ay 

sd 
(mg

/L)

0.0 2.5 5.0 7.5 10.0 12.5 15.0
0

1

2

3

D-Optimal sampling
• Optimal sampling 

points:
– 1. Cmax
– 2. 1.5 x T1/2 later

• Opportunity to 
optimize the dose 
before the 2nd dose

41



Evidence for TDM?

• Efectiveness studies:
– Van Lent Evers et al, 1999
– Bartal et al, 2003
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Outline TDM study
TDM Control group:

1. Aminoglycoside started as 
described in antibiotics protocol,

2. m.d. orders aminoglycoside levels,

3. Levels are measured and new dose
is calculated by pharmacist.

Active TDM Intervention group:

1. Pharmacist consulted before
starting aminoglycoside for optimal
dose,

2. Immediately after first dose 2 
levels (D-optimal) are drawn,

3. Levels are measured and new dose
is calculated by pharmacist before
2nd dose.

van Lent-Evers, Ther Drug Monit 1999 43



Time in hospital (days)
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(All patients)
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Time in hospital (days)
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• Design:
– Fixed dose (5 mg/kg) (N=38)
– Peak/trough targeted dose (20/1 mg/L) (N=43)

• End points:
– Nephrotoxicity (>25% rise of serum creat)
– 28 days mortality

• Results:
– No difference in mortality

• 27% versus 22% (PK versus FD)
– Significantly less nephrotoxicity

• 5% versus 21% (PK versus FD)

Bartal, Am J Med 2003 47



Conclusions TDM studies

• TDM of aminoglycosides:
– Improves patients outcomes,
– Decreases morbidity (renal toxicity),
– Reduces time spent in hospital,
– Is cost-effective,

• … only if serum samples are drawn at the right moment and 
the right dose is calculated using goal oriented and model 
based
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ANTIFUNGAL DRUGS
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1991

Lancet 1991:
‘in case of failure
or relapse’
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1997

Summers, JAC 1997 51



2008

Goodwin, JAC 2008 52



2014

Ashbee, JAC 2014 53



PD marker: galactomannan

Al-Nakeeb, AAC 2012 54



Azole Target concentrations

• Fluconazole: Cmin >10 mg/L
• Itraconazole: Cmin >1.0 mg/L
• Voriconazole: Cmin >1.5 mg/L, >5 mg/L hepatic damage
• Posaconazole: Cmin > 1.5 mg/L
• Isavuconazole: ?
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Voriconazole caveat

Veringa, JAC 2016 56

Hepatic toxicity

Efficacy



Voriconazole-N-oxide

Veringa, JAC 2016 57



TDM is like a nice but complex meal
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The art of clean up
(Ursus Wehrli)

I hope I have sorted out all ingredients!

Happy to answer your questions
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