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Objectives



 Covariate relationships show us how PKs are related to patient/study characteristics

 Identification of patient subgroups which are expected to be under- / over-exposed 

 Individualized dosing regimens (or drug monitoring)

 Covariate relationships are deduced from data and are not necessarily generalizable across 
studies (range of covariates studied)

 This literature review aims to provide a “helicopter view” of covariate models identified for 
antibiotics in ICU patients  

 Assess generalizability of covariate models across ABs and across studies

 Explore “class-effects”

 Identify “artefacts”

 Reveal potentially overlooked covariates 



Methods



110 entries excluded due to:
Journal not ranking in Q1

Abstracts evaluated and 117 excluded due to:
# patients < 10, non-(adult)/ non-ICU patients, 
no included covariates in PopPK model, 
presence of RRT of some kind, drug not i.v.
administered

54 Full texts reviewed

281 Article titles retrieved
(01/1980 – 10/2017)

PubMed search; Keywords [Title/Abstract]: 
“Antibiotic” AND “ICU” AND “Pharmacokinetic*” OR
“Antibiotic” AND “critically” AND “Pharmacokinetic*”



Results





Results
Covariate models for Vd

In short (oversimplification):
 Vd is the apparent volume in which the administered dose is “diluted”
 Important PK parameter to derive the optimal loading dose
 Patients with a higher Vd require a higher dose to achieve the target exposure





 Age was found to increase V1

(3 studies)

 Albumin was found to 
decrease (2 studies) and 
increase V1 (2 studies)

 Body size was positively 
correlated with V1

 Disease states (PaO2/FIO2, 
presence/absence of intra-
abdominal infection/ sepsis/ 
edema, etc.) had varying
effect on V1 and V2
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 Total body water makes up 
approx. 60% of TBW

 Extra- and Intracellular body 
water account for 27 % and 
33 % of TBW

 Apart from vancomycin all 
compounds have a Vss in line 
with our expectations

𝑉𝑠𝑠 = 𝑉𝑐 × 1 +
𝑘12
𝑘21

𝑉𝑠𝑠 = 𝑉1 + 𝑉2



 Other body size descriptors 
have been proposed 
(taken from Hites et al., 
Chapter 4: Antibiotic PKPD 
considerations in the critically 
ill)

 None of these metrics take 
into account changes in body 
composition with age/ 
obesity

 Amount of water in the 
body decreases with 
age and obesity

 For ABs covariate 
models based on TBW 
might not extrapolate
well to the elderly, 
obese, …

=> Other more complex covariate 
models, simultaneously taking 
into account, age, weight and 
body composition might be more 
appropriate for describing 
antibiotic PK



 Albumin was found to 
decrease (2 studies) and 
increase V1 (2 studies)

 Approx. 40 % of critically ill 
patients have albumin 
concentrations < 25 g/L

 A negative association 
between albumin and V1 (as 
was found in 2 studies) often 
leads to the suggestion of 
using higher loading doses.
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 Approx. 40 % of critically ill 
patients have albumin 
concentrations < 25 g/L

 A negative association 
between albumin and V1 (as 
was found in 2 studies) 
suggests the need for higher 
loading doses.

 The usual justification is that 
changes in albumin 
concentrations lead to 
changes in plasma protein 
binding which leads to 
changes in unbound 
concentrations and hence 
altered drug effect…

‘‘Pharmaceutical companies should […] consider implementing albumin-
driven dose adjustments as is current practice for renal dysfunction where 
appropriate”



“Only highly protein bound - high extraction ratio drugs (either orally or 
intravenously administered) will exhibit changes in unbound drug exposure
when protein binding changes.”

 Most antibiotics are not highly bound and are not eliminated by high 
extraction processes, so no changes in unbound exposure are expected!



 Most ABs are “low clearance” – “low Vd” drugs

 When comparing patients with normal and lowered albumin levels the observed effects 
are different between PKTotal & PKunbound !

 When measuring total concentrations an increase in CL and Vss is expected with decreasing 
albumin concentrations (due to changes in PPB)

 However, when considering the time course of the unbound AB concentration, exposure 
(AUCunbound) is never decreased and in general also Time above MIC is unchanged

 Theoretical PK principles currently do not support altered dosing in hypoalbuminaemia
(even if PPB is expected to be affected).

 When it comes to studying the need for altered dosing in patients with altered protein 
levels, unbound AB concentrations should be measured and not total AB concentrations



 Little evidence in favor of ALB 
and Disease state

 Body size (water content) is 
positively correlated with Vss

 At present the positive 
correlation between age and 
Vd contradicts our 
physiological understanding 



Results
Covariate models for CL

In short (oversimplification):
 CL is the main determinant for steady-state exposure
 Important PK parameter to derive the optimal maintenance dose





 Age, disease states 
and gender have 
varying influence 
on CL

 CL increases 
linearly with TBW 
or according to 
allometric theory 
(2 studies)

=> Most studies are 
underpowered to 
compare both 
approaches

=> Unclear how 
collinearity with eCLCR

should be dealt with

 Concomitant 
medication 
(furosemide) 
decreases CL of 
vancomycin



 Most studies (28) use eCLCR to 
describe changes in CL and not mCLCR

(13)

 22 out of 28 studies use the 
Cockcroft-Gault equation to predict 
eCLCR

 70% are based on a linear covariate 
model, 20% on a power model and 
others use a piece-wise linear or 
exponential model

=> Functional form has big impact on the 
influence of outliers and extrapolation to 
specific subgroups (AKI, ARC)



eCLCR vs. mCLCR

 Only 5 studies out of 54 compared 
the performance of mCLCR vs. eCLCR

 2 studies (ciprofloxacin) retained 
eCLCR and not mCLCR

 2 studies (gentamicin and cefepime) 
found (very) similar performance 
between eCLCR and mCLCR

 1 study (meropenem) showed a 
greater reduction in unexplained 
inter-individual variability with mCLCR

compared to eCLCR

=> Overall, the (potential) differences 
between mCLCR over eCLCR are not 
studied in a systematic manner

=> It is unlikely that mCLCR provides a 
better correlation with CLAB than eCLCR



Side note 1:
eCLCR vs. mCLCR in 20 ICU patients

 eCLCR according to CG is 
highly correlated with 
mCLCR

 Predictive performance 
is ± identical between 
covariate models with 
mCLCR and eCLCR



Side note 1:
eCLCR (Jelliffe) vs. mCLCR in 14 renal transplant patients

 Chapter 5: Evaluation of 
Renal Function 
(Drug Therapy for 
patients, Jelliffe and 
Neely 2017)

 A formula is derived to 
estimate changes in 
renal function based on 
two timed SCR

measurements 



Side note 2:
Only 1 study evaluated the impact of intra-patient changes in renal function!

 This study (and others 
outside of the scope of 
this review) showed that 
often a covariate does 
explain between-subject 
variability but does not 
explain intra-individual 
variability.



 If CL is dominated by GFR then:

 So by comparing              against        

we can delineate whether active 
processes are involved.

𝐶𝐿𝐴𝐵
𝐺𝐹𝑅

𝑓𝑢

𝐶𝐿𝐴𝐵 = 𝑓𝑢 × 𝐺𝐹𝑅





Q1:
How useful are 
covariate models 
based on CLCR only, 
knowing that CLCR is 
(only) a good 
surrogate for GFR but 
does not take into 
account active 
secretion/ 
reabsorption?

Q2:
Are these conclusions 
ICU-specific?

Q3:
Why are we not more 
frequently identifying 
drug-drug 
interactions? 



furosemide



Take home messages:

 TBW is associated with AB Vd, yet currently used body size metrics do not 
necessarily reflect our current understanding of AB distributional behaviour  

 Apart from vancomycin no signs of excessive Vd for ABs were found in ICU patients 
(most compounds behave as expected)

 For ABs there is currently no evidence to suggest that changes in albumin levels
result in changes in therapeutic efficacy. For those ABs where (theoretically) 
problems are suspected unbound concentrations should be measured.

 When trying to predict AB CL, mCLCR likely does not outperform eCLCR to any 
clinically relevant extent

 Our results show a high involvement of active renal processes for most ABs, yet 
almost none of the PopPK analyses studied the effect of concomitant medication on 
AB CL 

 Intra-individual variability (in a group of patients frequently described as being 
hyper dynamic) is (almost) never studied, as such it remains unclear to what extend 
changes in renal function throughout therapy should be accounted for


