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Abstract Background Recommendations on drug dose
adjustment in patients with renal impairment may vary be-
tween the references. It is often unknown which approach the
dosing schemes were based on and what drug exposure is
likely to be achieved. Objective To develop a simple method
to evaluate recommended dosing schemes for patients with
renal impairment, to apply this method to selected antibac-
terial drugs in order to evaluate expected drug concentrations
using dosing schemes recommended for patients with severe
infections, and to evaluate the expected consequences. Set-
ting This was a theoretical study, which was based on data
from published clinical trials. Methods Clinically established
dosing schemes for 46 antibacterial drugs, as recommended
for patients with renal impairment in the Summary of Product
Characteristics, were analysed using a newly developed
graphical method. Consistency of the dosing schemes with
two general dose adjustment rules, the proportional rule and
the eliminated fraction rule, was determined and drug ex-
posure was predicted. Main outcome measure Predicted drug
exposure. Consistency of recommended dosing schemes
with the general dose adjustment rules. Results Only 30 % of
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the recommended dosing schemes were associated with
similar average concentrations as expected in patients with
normal renal function (44 % were associated with higher and
26 % with lower concentrations). The highest median ex-
posure was found in beta-lactams (170 %, range 58-443 %,
for creatinine clearance of <15 ml/min, and 155 %, range
54-232 %, for creatinine clearance of 15 to <30 ml/min),
where the medians were significantly different from 100 %
(P < 0.02). Consistency with a dosing rule was found in
59 % of the dosing schemes (proportional rule 46 %,
eliminated fraction rule 50 %, both rules 4 %). Conclusions
Relative low exposure was found for several drugs, including
ceftazidime, cefotaxime, imipenem, erythromycin,
ciprofloxacin, levofloxacin, and teicoplanin, where dosing
schemes should be reconsidered or used only in clinical si-
tuations where a lower than maximum exposure appears
adequate. General application of the proportional rule for
calculating drug dose adjustments would lead to lower than
clinically established dose practice for 44 % of drugs.

Keywords Aantibiotics - Dose adjustment -
Pharmacokinetics - PKnephro database - Renal impairment

Impact of findings on practice

e Recommended dosing schemes for patients with renal im-
pairment can be evaluated and compared by using a gra-
phical method based on published pharmacokinetic data.

e Dosing schemes for renal impairment recommended in
the summary of product characteristics for ceftazidime,
cefotaxime, imipenem, erythromycin, ciprofloxacin,
levofloxacin, and teicoplanin should be reconsidered
or used only in clinical situations where a lower than
maximum exposure appears adequate.
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e The proportional rule for calculating drug dose adjust-
ments is leading to lower than clinically established
dosing schemes for many antibacterials.

Introduction

Drug dose adjustment in patients with renal impairment is
advisable for many drugs in order to avoid excessively high
concentrations and toxicity. However, drug dose adjust-
ment should not lead to low concentrations and reduced
effectiveness. Unfortunately, there is no general algorithm
on how to adjust drug doses and/or dosing intervals. Actual
recommendations are usually based on calculations (con-
sidering pharmacokinetics and pharmacodynamics of a
drug) and expert consensus, but the experience from clin-
ical studies is limited [1].

The most general approach to drug dose adjustment is to
reduce the dose or to prolong the dosing interval in pro-
portion to the reduced elimination capacity of a patient
(proportional rule of Dettli), leading to approximately
normal average drug concentrations (or area under the
curve) as compared to patients with normal renal function
[2, 3]. This approach is commonly used, but could be
inadequate, e.g. for drugs with “concentration-dependent”
action, because peak concentrations will be lower (when
reducing the dose) or appear much less often (when the
prolonging the dosing interval) than normal [4].

Another general approach to drug dose adjustment is to
replace the amount of drug that has been eliminated within
a dosing interval (eliminated fraction rule), leading to ap-
proximately normal peak concentrations that may occur
more often compared to the proportional rule [3, 5]. This
approach was first applied by Kunin and is recommended
for severely ill patients, but could be inadequate for drugs
with a close association between average drug concentra-
tions (or area under the curve) and toxicity, because av-
erage drug concentrations may be higher than normal [4].

Specific recommendations on drug dose adjustment are
available from various sources, such as the summary of
product characteristics (SmPC), which provides recom-
mendations from the pharmaceutical manufacturer as ap-
proved by the competent authorities. Other sources are
published studies from the scientific literature and refer-
ence books. However, recommendations may considerably
vary between the sources [6], and it is often unknown
which approach the proposed dosing schemes, as calcu-
lated or used in clinical studies, were based on and what
drug exposure is likely to be achieved.

Unfortunately, there is no simple method to evaluate
dosing schemes recommended for patients with renal im-
pairment. Such a method could be useful to compare specific
recommendations, to identify dosing schemes which might

be at risk for over- or underdosing and to select a dosing
scheme where various recommendations are available.
Furthermore, classification of practically used dosing
schemes as being consistent with one of the general dose
adjustment rules would facilitate implementation in elec-
tronic clinical decision support systems, where drug dose
recommendations may be calculated on a continuous scale.

Aims of the Study

The aims of the present study were (1) to develop a simple
method to evaluate dosing schemes recommended for pa-
tients with renal impairment, (2) to apply this method to
selected antibacterial drugs in order to evaluate expected
drug concentrations using dosing schemes recommended in
the SmPC for patients with severe infections, and (3) to
evaluate the expected consequences of sole application of
the proportional rule for calculating drug dose adjustments.

Ethical approval

Approval by an ethics committee and written informed
consent were not required for this theoretical study, which
was based on data from published clinical trials.

Methods

A list of antibacterial drugs was compiled based on the
“WHO Model List of Essential Medicines” [7], and the
antibacterial drugs commonly used in the University
Hospital Ulm when this analysis was started. Dose adjust-
ment recommendations for patients with renal impairment
were independently extracted from German SmPCs
(“Fachinformation”) by two medical experts (MS, DC).
Any discrepancies in interpretation were solved by discus-
sion. In case of more than one applicable dosing recom-
mendation, a dosing scheme for intravenous administration
and for severe infections was selected. In some cases, more
than one recommendation was selected for further analysis,
e.g. if more than one dosing scheme was specified by a
pharmaceutical manufacturer or different schemes were
specified by different manufacturers of the same drug.
Dosing schemes for creatinine clearance levels of <5
ml/min were ignored, because patients with such creatinine
clearance levels need renal replacement therapy.
Pharmacokinetic parameters were extracted from our
pharmacokinetic database PKnephro (please see supple-
mental appendix for details), as used before [8, 9]. For cal-
culations we used the reported pharmacokinetic parameter
values as measured in patients with renal failure (RF),
wherever possible. The primary parameters were systemic
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drug clearance (CL), apparent systemic drug clearance after
oral administration (CL/F) and half-life (t,,,). Missing pa-
rameter values were predicted by using renal clearance
(CL,ep), urinary recovery of unchanged drug after intra-
venous administration (f,;,), and systemically available
fraction (F), where applicable (Table S1) [8—10].

Pharmacokinetic parameter values for a given creatinine
clearance were calculated by linear interpolation between
the population extremes (normal vs. renal failure) using
Egs. 1 and 2 for drug clearance and elimination rate con-
stant (k = In(2)/t;).

CLimpaired == CLRF + (CLnorm - CLRF )
CLL’rea - CLL'rea,RF

X (1)
CLcrea,nnrm - CLcrea,RF

In2 In2 In2
kimpuired = + -
H2.RF H2n0m  T1/2.RF

CLcrea - CLcrea,RF
x (2)
CLcreaJlorm - CLcrea,RF

Creatinine clearance (CL.,) Was the renal function of
interest, whereas CLrea norm and CL e, rr Were the average
of the creatinine-clearance values in normal renal function
and in renal failure as recorded in the PKnephro database.
Subtracting CL,, rr in Eqs. 1 and 2 implies some degree
of extrapolation for very low creatinine clearance values,
when patients with renal failure in the original studies had
residual renal function.

Theoretical dose adjustment schemes were calculated
using the proportional rule (Eq. 3), as used by Dettli [3],
and a general form of the eliminated fraction rule
(Eq. 4), where D is the maintenance dose and t the dosing
interval.

Timpaired CLimpaired
Dimpuired = Dnorm X (3)
Tnorm CL,orm
Dorm

R

Dimpaired = (1 ) X (1 - eikim,mm{XT}W{“M) (4)

Loading doses, which are commonly used when a rapid
achievement of steady-state concentrations is desired, were
not analysed in the present study. The first term in Eq. 4
can be used to calculate a loading dose and was used here
as a starting point for dose calculations. The second term in
Eq. 4 estimates the amount of drug that is eliminated
within a dosing interval.

A new graphical method to compare recommended
dosing schemes was developed, where the dosing interval
and the maintenance dose were related to the x-axis and
y-axis, respectively. Recommended dosing schemes were
indicated by a circle, whereas calculated dose adjustment
schemes were plotted as a line, because both general rules
lead to a continuum of possible dosing schemes for a given
creatinine clearance (Fig. 1).

@ Springer

In order to analyse average concentrations (or area under
the curve) in patients with renal impairment, SmPC-rec-
ommended total-daily doses were expressed as percentage
of the total-daily dose as calculated with the proportional
rule.

Statistics

All analyses were done in an explorative and descriptive
manner. SmPC-derived dose recommendations for creati-
nine clearance of <15 ml/min and 15 to <30 ml/min, where
available, were compared to the rule-based dosing schemes.
When the SmPC-derived dosing recommendation referred to
a creatinine clearance range, an average creatinine clearance
was used for calculations in order to capture the general
trend (e.g. a creatinine clearance of 9.5 ml/min was used for
a dosing scheme proposed for patients with a creatinine
clearance of 5-14 ml/min). Consistency of a dosing rec-
ommendation with a general rule was assumed when the
recommended dose was in the calculated 80-125 % range,
in analogy to the commonly applied bioequivalence range,
as also used in the guidelines of the European Medicines
Agency (CPMP/EWP/QWP/1401/98).

A Wilcoxon signed-rank test for comparison of column
medians to a hypothetical value was used to analyse
whether the SmPC-recommended total-daily doses (as
percentage of calculated total-daily doses using the pro-
portional rule) were significantly different from 100 %,
which was concluded at P < 0.05.

Software

Calculations were done with Microsoft® Excel 2010 (Mi-
crosoft Corporation, Redmond, WA, USA). In order to
detect potential transcription errors in the extracted dosing
schemes or pharmacokinetic parameters, predicted con-
centration—time curves were calculated for various degrees
of renal function, based on a one-compartment model, and
the resulting plots visually checked for plausibility.
Statistical analysis was done with GraphPad Prism
Version 5.01 (GraphPad Software, San Diego, CA, USA).

Results

Recommendations for drug dose adjustment in patients
with renal impairment were extracted from SmPCs for 46
drugs (Table S2). Overall, “no adjustment” was recom-
mended for 8 of these drugs (17 %). In addition, a rec-
ommendation of “do not use” was given for 3 drugs.
Recommended dosing schemes were evaluated for
consistency with the general dosing rules using our gra-
phical method (example in Fig. 1). Overall, 88 dosing
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Fig. 1 Dosing schemes for normal renal function (large circle) and
impaired renal function (small circle) as recommended in the SmPC.
The broken lines indicate dosing schemes calculated with the
proportional rule, leading to normal average concentrations (or area
under the curve). The continuous lines indicate dosing schemes
calculated with the eliminated fraction rule, leading to normal peak
concentrations. The thin grey lines indicate the respective 80-125 %

schemes were available, counting trimethoprim and sul-
famethoxazole separately, and 52 of them (59 %) could be
attributed to one of the general dosing rules (Table 1).

From 40 dosing recommendations for creatinine clearance
values below 15 ml/min, 8 were consistent with the propor-
tional rule and 11 with the eliminated fraction rule. In case of
penicillins and cephalosporins, however, only 2 of the pro-
posed dosing schemes were consistent with the proportional
rule and 10 were consistent with the eliminated fraction rule,
indicating higher than normal average concentrations. From
those dosing schemes which could not be related to a dosing
rule, 7 lay in between the dosing lines, 10 had lower and 4 had
higher doses as calculated by both rules (Table 1).

When comparing SmPC-recommended total-daily doses
to calculated total-daily doses using the proportional rule, a
median expected exposure of 139 % with a large range
from 20 to 549 % was found, where the median exposure
was significantly different from 100 % (P < 0.01). Only 8
(20 %) were within the 80-125 % range, whereas 10
(25 %) were lower and 22 (55 %) were higher (Fig. 2).
When looking at drug classes, the highest median exposure
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range. For amoxicillin, the recommended dosing scheme is less and in
agreement with the proportional rule, whereas for ampicillin, the
recommended dosing scheme is higher and in agreement with the
eliminated fraction rule. The differences in creatinine clearance
between amoxicillin and ampicillin reflect differences in creatinine
clearance ranges as used in the SmPC

was found in beta-lactams (170 %, range 58-443 %),
where the median was significantly different from 100 %
(P < 0.01).

Relatively low exposures were found for ceftazidime
(58, 58 %), one of the cefadroxil schemes (72 %),
imipenem (44, 62, 65 %), levofloxacin (46, 72 %), netil-
micin (75 %), and teicoplanin (20 %), indicating potential
underdosage in patients with renal failure. In addition, a
very low exposure was noted for a cefotaxime scheme
(28 %), which, however, was not included in further ana-
lyses, because the recommendation referred to a creatinine
clearance of <5 ml/min.

For creatinine clearance values of 15 to <30 ml/min the
results were similar. From 48 dosing recommendations, 16
were consistent with the proportional rule, 15 with the
eliminated fraction rule, and 2 with both rules. In case of
penicillins and cephalosporins, only 2 of the proposed dos-
ing schemes were consistent with the proportional rule and 8
were consistent with the eliminated fraction rule, indicating
higher than normal average concentrations. From those
dosing schemes which could not be related to a dosing rule, 3
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Table 1 Consistency of dosing schemes as recommended in the SmPC with the proportional rule (PR) or eliminated fraction rule (EFR) for

drugs where dose adjustment is recommended in patients with renal impairment

Drug

Route of administration

Creatinine clearance <15 ml/min

Creatinine clearance 15 to <30 ml/min

Penicillins
Amoxicillin/
Clavulanic acid
Ampicillin/
Sulbactam
Benzylpenicillin
Flucloxacillin
Mezlocillin
Piperacillin/
Tazobactam

Cephalosporins
Cefadroxil

Cefazolin

Cefixime

Cefotaxime

Cefotiam
Cefpodoxime proxetil
Ceftazidime

Ceftibuten

Ceftriaxone

Cefuroxime

Loracarbef
Carbapenems
Imipenem/

Cilastatin

Meropenem

Trimthoprim and sulfonamides

Trimethoprim

Sulfamethoxazole

Macrolides
Clarithromycin
Erythromycin

Aminoglycosides

Amikacin

Intravenous
Intravenous
Intravenous
Intravenous
Intravenous
Intravenous
Intravenous
Intravenous

Intravenous

Oral
Oral
Intravenous
Oral
Oral
Intravenous
Intravenous
Oral
Intravenous
Intravenous
Oral
Oral
Intravenous
Intravenous
Intravenous
Oral

Intravenous
Intravenous
Intravenous
Intravenous
Intravenous
Intravenous

Intravenous

Intravenous
Intravenous
Intravenous

Intravenous

Intravenous

Intravenous

Intravenous
Intravenous
Intravenous

Intravenous

Proportional rule

None (63 % PR, 49 % EFR)
Eliminated fraction rule
Both rules

Eliminated fraction rule
Eliminated fraction rule
Eliminated fraction rule
Eliminated fraction rule

Eliminated fraction rule

None (72 % PR, 56 % EFR)
Eliminated fraction rule
Eliminated fraction rule

None (314 % PR, 66 % EFR)
Eliminated fraction rule

None (150 % PR, 63 % EFR)
None (255 % PR, 65 % EFR)
Eliminated fraction rule

None (58 % PR, 48 % EFR)
None (58 % PR, 40 % EFR)

Proportional rule

Eliminated fraction rule

None (443 % PR, 126 % EFR)

None (44 % PR, 27 % EFR)
None (65 % PR, 53 % EFR)
None (62 % PR, 52 % EFR)
Proportional rule

None (184 % PR, 72 % EFR)
None (152 % PR, 66 % EFR)
None (150 % PR, 56 % EFR)

None (77 % PR, 32 % EFR)
Proportional rule
Eliminated fraction rule
Both rules

Eliminated fraction rule

Eliminated fraction rule

None (54 % PR, 51 % EFR)
Eliminated fraction rule
None (150 % PR, 76 % EFR)

Eliminated fraction rule
Eliminated fraction rule
None (77 % PR, 78 % EFR)
None (77 % PR, 60 % EFR)
Proportional rule

Proportional rule

Eliminated fraction rule
None (129 % PR, 68 % EFR)
Eliminated fraction rule

None (68 % PR, 51 % EFR)
None (77 % PR, 54 % EFR)

Proportional rule
None (132 % PR, 62 % EFR)

None (146 % PR, 58 % EFR)

Eliminated fraction rule
Eliminated fraction rule
Proportional rule

Proportional rule

Proportional rule
Eliminated fraction rule

None (79 % PR, 17 % EFR)
Proportional rule
None (79 % PR, 32 % EFR)
Proportional rule
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Table 1 continued

Drug Route of administration Creatinine clearance <15 ml/min Creatinine clearance 15 to <30 ml/min
Gentamicin Intravenous None (217 % PR, 27 % EFR) Proportional rule
Intravenous Proportional rule Proportional rule
Intravenous Proportional rule
Intravenous Proportional rule Proportional rule
Intravenous Proportional rule Proportional rule
Netilmicin Intravenous None (75 % PR, 26 % EFR) Proportional rule
Intravenous Proportional rule
Intravenous Proportional rule
Tobramycin Intravenous None (208 % PR, 135 % EFR) Eliminated fraction rule
Intravenous None (186 % PR, 127 % EFR)
Intravenous None (140 % PR, 62 % EFR) Eliminated fraction rule
Intravenous None (168 % PR, 79 % EFR)
Fluoroquinolones
Ciprofloxacin Intravenous Eliminated fraction rule
Levofloxacin Intravenous None (46 % PR, 38 % EFR)
Intravenous None (72 % PR, 54 % EFR)
Norfloxacin Oral Both rules
Ofloxacin Intravenous Proportional rule
Intravenous Proportional rule
Others
Daptomycin Intravenous Both rules
Fosfomycin Intravenous Eliminated fraction rule Eliminated fraction rule
Intravenous None (549 % PR, 184 % EFR) None (345 % PR, 151 % EFR)
Teicoplanin Intravenous None (20 % PR, 26 % EFR) None (29 % PR, 35 % EFR)
Intravenous None (37 % PR, 43 % EFR)
Intravenous None (44 % PR, 50 % EFR)
Vancomycin Intravenous Proportional rule Proportional rule

Consistency with the proportional rule indicates normal average drug concentrations (or area under the curve). Consistency with the eliminated
fraction rule indicates normal peak concentrations, but average drug concentrations may be higher

lay in between the dosing lines, 11 had lower and 1 had
higher doses as calculated by both rules (Table 1).

When comparing SmPC-recommended total-daily doses
to calculated total-daily doses using the proportional rule, a
median expected exposure of 96 % with a large range from
29 to 345 % was found, where the median exposure was
not significantly different from 100 %. Only 18 (38 %)
were within the 80-125 % range, whereas 13 (27 %) were
lower and 17 (35 %) were higher (Fig. 2). When looking at
drug classes, the highest median exposure was found in
beta-lactams (155 %, range 54-232 %), where the median
was significantly different from 100 % (P = 0.019).

Relatively low exposures were found for amoxicillin
(77 %), ceftazidime (77,77 %), one of the cefadroxil schemes
(54 %), imipenem (68, 77 %), erythromycin (54 %),
ciprofloxacin (57 %), and teicoplanin (29, 37, 44 %).

For the 8 drugs where “no dose adjustment” was rec-
ommended in the SmPC, a median expected exposure of
142 % (range 73-335 %) was calculated for patients with

renal failure. The highest value was found for orally ad-
ministered cefaclor (335 %), whereas the other values were
below 179 %.

In an additional analysis selected dosing schemes from
other sources were analysed for drugs where relatively low
exposure was found for SmPC-recommended doses (Table 2).

When analysing pharmacokinetic variability, by com-
paring pooled standard deviation values in patients with
normal renal function and renal failure (Table S1), the
median increase in coefficient of variation was 1.9-fold for
drug clearance and 1.3-fold for half-life.

Discussion
For drug dose adjustment in patients with renal impairment
there is no general algorithm on how to adjust drug doses or

dosing intervals and, therefore, recommendations vary be-
tween the sources. It is usually unknown how these
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Fig. 2 Recommended total daily dose in patients with impaired renal
function according to the SmPC, shown as % of the calculated total
daily dose using the proportional rule. Values within the 80-125 %
range indicate consistency with the proportional rule. Black and grey

recommendations were derived and what drug exposure can
be expected. Using a newly developed method, we found that
only 30 % of the recommended dosing schemes are predicted
to lead to similar average concentrations, whereas 44 % lead
to higher and 26 % lead to lower average concentrations, as
expected in patients with normal renal function treated with
doses as recommended for severe infections.

Overall, 59 % of the dosing schemes were consistent
with one of the general dosing rules. Consistency with a
dosing rule implies expected concentrations in patients
with renal impairment and that this rule might have been
originally used to develop the dosing scheme. For example,
50 % of these dosing schemes were consistent with the
eliminated fraction rule (82 % when looking only at beta-
lactams), usually indicating more frequent peaks and
higher average concentrations. An exception are dosing
schemes with relatively long administration intervals (to
the right of the crossing point of the dosing lines in our
diagram), which is, however, rarely used and was the case
only for two drugs (erythromycin and ciprofloxacin).

Surprisingly, we found a relatively low exposure for sev-
eral dosing schemes, including ceftazidime, cefotaxime,
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filled columns represent the two lowest creatinine clearance levels,
where more than one recommendation was available for creatinine
clearance of <30 ml/min. White columns indicate recommendation of
the normal dose. Shaded areas indicate oral drug administration (PO)

imipenem, erythromycin, ciprofloxacin, levofloxacin, and
teicoplanin, indicating potential underdosage. However, rec-
ommended dosing schemes for impaired renal function
commonly have the character of maximum recommended
doses. Only some of them might have been developed to
provide an exposure similar to doses that are lower compared
to the presently used maximum doses in patients with normal
renal function. A relatively low exposure might have been
suspected based on previous publications [11, 13, 16, 17, 19].

For ceftazidime, a dosing scheme as proposed by van
Dalen [11] leads to predicted exposures of 100-112 %
(Table 2) and would be in the range as recommended by
clinical experts [12]. Thus, dosing schemes for ceftazidime
in patients with renal impairment should be reconsidered
and, ideally, evaluated in a clinical study.

For cefotaxime, a dosing scheme as currently approved
by the Food and Drug Administration leads to a predicted
exposure of 143-169 % (Table 2) and lies between the
dosing lines of our diagram. Thus, the SmPC recommen-
dation of 500 mg every 12 h for creatinine clearance of
<5 ml/min should not be used in patients with severe in-
fections, unless an equivalent exposure as achieved with
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Table 2 Analysis of selected dosing schemes

Drug Dosing scheme CL¢rea (ml/min) PR (%) EFR (%) Reference
Penicillins
Amoxicillin/ CLea 10-30 ml/min: 1000 mg/8 h 20 232 78
CL¢ea < 10 ml/min: 1000 mg/12 h 5 485 98
Clavulanic acid CL¢yeq 10-30 ml/min: 200 mg/8 h 20 263 114
CLroq < 10 ml/min: 200 mg/12 h 5 253 108
Cephalosporins
Cefotaxime CL(rea < 20 ml/min: %2 Dyorm 10 143 71 Food and Drug Administration
(i.e. max. 1000 mg/4 hy* 75 150 72 (August 2014)
5.0 159 74
2.5 169 76
Ceftazidime CLea 10-30 ml/min: Dyoy/24 h 20 112 108 [11]
CL¢ea < 10 ml/min: Y2 Dyo/24 h 5 100 79 [11]
Carbapenems
Imipenem/ CL¢rea < 15 ml/min: 500 mg/6 h 7.5 137 68 [13]
Cilastatin CLroq < 15 ml/min: 500 mgl6 h 7.5 446 130 [13]
Meropenem CL1ea 30-49 ml/min: 1000 mg/8 h 39.5 115 55 [21]
CLea 10-29 ml/min: 500 mg/6 h 19.5 135 38 [21]
Fluoroquinolones
Ciprofloxacin CL¢rea < 30 ml/min: 400 mg/12 h 15 114 107 [16-18]
7.5 121 111
Levofloxacin CL¢rea < 10 ml/min: 500 mg/48 h 5 92 96 [12]
CL¢rea < 10 ml/min: 250 mg/24 h 5 92 75

 Life-threatening infections

CL, s, creatinine clearance; Do, normal dose; EFR, eliminated fraction rule; PR, proportional rule (PR)

1000 mg every 12 h in patients with normal renal function
is desired. Alternatively, the metabolite desacetylcefo-
taxime might have been influencing dose recommenda-
tions, because desacetylcefotaxime accumulation in renal
impairment appears to be more pronounced compared to
cefotaxime.

For imipenem, dosing recommendations have been
modified very recently in some SmPCs and the dosing
schemes leading to very low exposure are no longer rec-
ommended. Thus, 65 % is expected by using current SmPC
recommendations. A dosing scheme as proposed by Ver-
pooten [13] leads to a predicted exposure of 137 %
(Table 2) and would be higher as usually recommended.
Lower recommendations might be due to pharmacody-
namic reasons, because tolerance of imipenem could be
lower in uremic patients, as indicated in a case series of 6
patients [14]. Alternatively, cilastatin might have been in-
fluencing dose recommendations, because cilastatin accu-
mulation in renal impairment appears to be more
pronounced compared to imipenem (Table 2).

For erythromycin, the maximum recommended daily
dose is 2000 mg per day in patients with creatinine higher
than 2 mg/dl, because of reports of reversible hearing loss

occurring in patients with renal insufficiency and in pa-
tients receiving high doses of erythromycin [15]. Thus,
when a daily dose of 4000 mg is clinically required, an-
other drug should be considered in patients with renal
impairment.

For ciprofloxacin, dose adjustment in renal impairment
has been discussed controversially. Our present calcula-
tions indicate an average exposure of 57 % in patients with
severe renal impairment compared to the maximum rec-
ommended thrice-daily dose in patients with normal renal
function. According to our calculations (Table 2), 400 mg
twice-daily might be considered the maximum dose in
patients with renal impairment, which would be consistent
with recommendations by others [16—18]. The SmPC rec-
ommendation of 400 mg once-daily for creatinine clear-
ance of <30 ml/min should be used only if an equivalent
exposure as achieved with 400 mg every 12 h in patients
with normal renal function is desired.

For levofloxacin, 250 mg once daily should be consid-
ered the dose in patients with creatinine clearance of
<10 ml/min according to our calculations (Table 2), which
would be in the range as recommended by clinical experts
[12]. A dose of 125 mg once daily should be used only
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when an equivalent exposure as achieved with 500 mg
once daily in patients with normal renal function is desired.

For teicoplanin, dosing recommendations have been
modified very recently and the dosing schemes leading to
very low exposures are no longer recommended. Appar-
ently, the previous scheme was based on the assumption
that teicoplanin is eliminated almost exclusively as un-
changed drug by the renal route. The true value is difficult
to define due to the long terminal half-life, but appears to
be around 80 % [19]. The current recommendation for
severe renal impairment (normal doses for four days, then
1/3 dose per day or a normal dose every three days) leads to
an expected exposure of 65 %, which might be considered
acceptable, because low concentrations would be detected
by therapeutic drug monitoring in the individual.

For beta-lactams administered in combination with a beta-
lactamase inhibitor, the concentrations of the inhibitor should
also be considered. In case of amoxicillin/clavulanic acid, the
expected exposure of clavulanic acid was only 63 %, despite
the altered proportion in preparations recommended for pa-
tients with renal impairment (5:1 versus 10:1). This can be
explained by less dependency of clavulanic acid elimination
on renal function. Thus higher doses or shorter dosing in-
tervals might be considered (Table 2).The expected exposure
of sulbactam and tazobactam appeared adequate.

Our results are in line with a previous analysis, where it
was found that the recommended total daily doses for three
beta-lactam antibacterials were up to two-times higher
compared to those calculated by the proportional rule,
indicating higher than normal average concentrations [20].
In contrast, the recommended daily doses for a carbapenem
and a fluoroquinolone were lower, indicating lower than
normal average concentrations [20].

The established use of a specific dose adjustment rule
(or application of a dosing scheme consistent with that
rule) might be related to the therapeutic range of a drug,
because the proportional rule is associated with normal
average concentrations, whereas the eliminated fraction
rule usually produces increased average concentrations [2—
5]. This assumption would be in line with our finding that
consistency of SmPC-derived dosing schemes with the
eliminated fraction rule was most commonly found for
penicillins and cephalosporins, whereas the proportional
rule was predominant for aminoglycosides. In case of be-
talactams higher concentrations may be acceptable (con-
sidering the broad therapeutic window) but not in case of
toxic drugs like the aminoglycosides. When the propor-
tional rule would be generally applied for calculating drug
dose adjustments in patients with renal impairment, pa-
tients would sometimes receive lower doses as compared to
clinically established doses as recommended in the SmPC.
For example, ampicillin doses would be, on average, 41 to
46 % lower.

@ Springer

Our graphical method allowed for analysis of recom-
mended dosing schemes using basic pharmacokinetic pa-
rameters. However, analyses based on mean population
values do not consider variability, which may be increased in
patients with renal impairment. In our present analysis,
comparing pharmacokinetics in patients with normal renal
function and renal failure, variability of clearance and half-life
was only moderately increased and it is unclear whether this
increase is clinically relevant. A more advanced analysis of
dosing schemes, including analysis of variability, has been
proposed using model-based predictions [21, 22]. However,
such an analysis requires a specific population-pharmacoki-
netic model validated for application in renal impairment and
a meaningful pharmacodynamic marker for each drug. Inter-
estingly, meropenem doses of 2000 mg every 8 h (creatinine
clearance 50-120 ml/min), 1000 mg every 8 h (creatinine
clearance 30—49 ml/min) and 500 mg every 6 h (creatinine
clearance 10-29 ml/min) led to quite similar probabilities of
target attainment as calculated for critically ill patients [21].
When analysed according to our method, the latter two dosing
schemes correspond quite closely to drug dose adjustment
using the proportional rule (Table 2). Additional sources of
variability include inaccurate estimates of renal function,
especially in adipose patients or patients with acute kidney
injury. Such variability could also be analysed using popula-
tion-pharmacokinetic models.

Our study has several limitations. First, our analysis
focuses primarily on pharmacokinetics and expected drug
exposure. The effectiveness of a drug, however, might be
reduced despite apparently adequate average drug con-
centrations. Specifically, aminoglycoside dosing schemes
using low doses and short dosing intervals can be suspected
as suboptimal according to the current pharmacodynamic
knowledge [23, 24]. Adequate maximum concentrations,
which may be related to the antimicrobial effect of
aminoglycosides also in patients with renal failure [25], can
be achieved best by prolonging the dosing interval and by
therapeutic drug monitoring.

Second, pharmacokinetic parameters for patients with
renal failure were largely based on studies including pa-
tients with end-stage renal disease. Thus, our results might
not be directly applicable to patients with acute renal
failure, because such patients may require higher doses due
to additional disease-related pharmacokinetic changes, e.g.
overhydration [26, 27].

Third, linear models were used to predict pharmacoki-
netic parameter values for a given level of renal function
based on the population extremes (normal renal function vs.
renal failure). However, deviation from linearity, if present,
is usually quite small in dedicated pharmacokinetic studies
including patients with various degrees of renal impairment.
By using only the population extremes, the problem of
negative pharmacokinetic parameter values at low creatinine
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clearance values is avoided, which may occur when ex-
trapolating by using linear regression and data from patients
with moderately impaired renal function.

Forth, predicted pharmacokinetic parameter values were
used for some drugs, where measured values were not avail-
able (Table S1). In such cases implicit assumptions apply, e.g.
unchanged systemic availability when pharmacokinetic pa-
rameters were found only after intravenous administration for
an orally administered drug. However, new pharmacokinetic
studies would be required to verify such assumptions.

Fifth, our calculations depend on accurate pharmacokinetic
parameter estimates for a population, especially calculations
for low creatinine clearance values. However, pharmacoki-
netic parameter estimates from the PKnephro database were
usually based on several primary studies and were, thus, con-
sidered quite robust. Nevertheless, two specific values were
suspected as potentially imprecise (i.e. the CLrg of amikacin
and fosfomycin), where only one primary study was available
and the reported value appeared quite low. Furthermore, in
some cases only pharmacokinetic studies using micro-
biological assays where available. However, data from such
studies was used only when no studies with more accurate
assays were available and the drug has no active metabolites.

Conclusion

In conclusion, our newly developed graphical model allowed
for analysis of recommended dosing schemes for patients
with renal impairment. Most importantly, a number of drugs
were identified, where recommended dosing schemes should
lead to a lower exposure compared to patients with normal
renal function receiving doses for severe infections (i.e. cef-
tazidime, cefotaxime, imipenem, erythromycin, ciprofloxac-
in, levofloxacin, and teicoplanin). These drugs should be
further analysed (e.g. by using population models), and the
dosing schemes should be reconsidered or used only in clin-
ical situations where a lower than maximum exposure appears
adequate. In contrast, 44 % of the established dosing schemes
lead to higher average concentrations. Thus, general appli-
cation of the proportional rule for calculating drug dose ad-
justments, which is sometimes proposed, would lead to lower
than clinically established dosing schemes for nearly every
second drug.
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