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Objectives: International quality control (proficiency testing) programmes are instituted to safeguard the
analytical performance of laboratories and to aid these laboratories in identifying sources of error in their analyt-
ical methods. We describe the first international quality control programme for antimicrobial agents that are
frequently used in critically ill patients.

Methods: Spiked plasma samples with ceftazidime, ciprofloxacin, flucloxacillin, piperacillin, sulfamethoxazole,
N-acetyl sulfamethoxazole and trimethoprim were shipped to 22 laboratories from eight different countries.
Acceptable accuracy by the performing laboratory was defined if measurements were within 80%–120% limits
of the true weighed-in concentrations.

Results: A total of 81% of the measurements (ranging between 56% and 100%, dependent on drug) were with-
in the 80%–120% limits of the true weighed-in concentrations.

Conclusions: We found a relatively good performance of the participating laboratories in measuring eight
different antimicrobial drugs. Nevertheless, some of the antimicrobial drugs were not measured properly as up
to 44% of the measurements was inaccurate depending on the drug. Our results emphasize the need for and
utility of an ongoing quality control programme.

Introduction

Inadequate antimicrobial dosing has been shown to raise the risk
of clinical failure and predisposes to the development of antimicro-
bial resistance as well as toxicity.1 These unfavourable events can
probably be ascribed to suboptimal concentrations achieved in
plasma and at the site of action. Achieving adequate antibiotic
exposure is especially challenging in critically ill patients, due to the
enormous inter-patient pharmacokinetic variability in this popula-
tion.2 In order to optimize dosing regimens of available antibiotics,
numerous studies have been performed investigating their
pharmacokinetics in this and other patient populations.3–7

Although there is still debate over the concentration–effect and
concentration–toxicity relationships of many of these antimicro-
bial drugs, dose individualization guided by measurement of

plasma drug concentrations [therapeutic drug monitoring (TDM)]
is gaining popularity as a means to improve the use of currently
available antimicrobial drugs. In addition, TDM of antimicrobial
drugs is recommended for critically ill patients with acute kidney
injury and for patients receiving renal replacement therapy by the
Kidney Disease Improving Global Outcomes (KDIGO)
organization.8

Both for research purposes as well as for the clinical use of TDM,
several laboratories developed assays to determine antimicrobial
drug concentrations. These methods are internally validated to en-
sure they have sufficient accuracy, precision and specificity.
Participation in an external quality control (QC) or proficiency test-
ing programme is an essential component of quality assurance
and it proves the quality of the analytical method for external
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parties. Moreover, accrediting bodies demand laboratories to par-
ticipate in an external QC programme.9 Whereas QC programmes
for aminoglycosides and glycopeptides have been in place for
several years, there has been no independent, international pro-
gramme for other antimicrobial drugs so far. Therefore, we devel-
oped an international QC programme for the measurement of
antimicrobial drugs that are commonly used and warrant dose op-
timization, especially in critically ill patients.

Methods
Antimicrobial drugs involved in the first two rounds of this programme
were ceftazidime, ciprofloxacin, flucloxacillin, piperacillin, tazobactam (a
b-lactamase inhibitor combined with piperacillin), sulfamethoxazole and its
metabolite N-acetyl sulfamethoxazole, and trimethoprim. These drugs
were selected since they are frequently prescribed for treating infections in
critically ill patients. All obtained drug substances were of analytical quality
with a high specified purity (>99%) as specified in a certificate of analysis.
Drug-free EDTA plasma from selected healthy volunteers was obtained
from the Dutch Blood Bank (Sanquin, Nijmegen, The Netherlands). Two
QC samples (one sample per round) were prepared by spiking 1.0 mL of
drug-free plasma with all antimicrobial drugs at either low or high con-
centrations, all within the clinical exposure range.10,11 The antimicrobial
drugs were weighed out on independently calibrated balances, dis-
solved in DMSO or 0.1 M HCl, and diluted using calibrated pipettes and
volumetric flasks. The QC samples were dispensed in polypropylene
vials and stored at #40�C until shipment. Samples were dispatched on
dry ice in view of the instability of some of the drugs. Stability of drugs at
#40�C had been assessed before.

The samples were analysed with our own validated ultra HPLC-MS/
MS method as a confirmative check. They were released for the QC pro-
gramme if the deviation was less than 10% from the weighed-in
concentrations.

All weighed-in concentrations were considered true values. Acceptable
accuracy by the performing laboratory was defined if measurements were
within 80%–120% limits of the true weighed-in concentrations. The 20%
limits were based on guidelines for method validation for bioanalysis of
drugs where a deviation of 20% deviation is used as fixed criterion for in-
accuracy at the lowest level of quantification.12,13

To estimate the influence of the antimicrobial drug to be measured, the
concentration level (high or low) and the analytical method, a multilevel
model analysis was performed on the absolute inaccuracies. A random
intercept model was used to deal with intra-laboratory correlation between
absolute inaccuracies achieved for the various drugs. The Tukey method
was used to correct for multiple comparisons. All statistical analyses were
performed using R (version 3.6.2) with R Studio (version 1.1.463), with pack-
ages ‘nlme’, ‘lmerTest’ and ‘emmeans’.14–16

Both rounds were accompanied by clinical cases related to the TDM
results that required interpretation by means of a multiple-choice question.
The first case related to subtherapeutic exposure of flucloxacillin. The se-
cond case related to ciprofloxacin in a critically ill patient. All participants
were provided feedback anonymously on their performance as well as
feedback on the clinical cases.

Results

In the first round 17 laboratories and in the second round 22
laboratories from eight different countries participated in the QC
programme. Only one laboratory was able to measure all eight
compounds. The other laboratories measured a selection of one
up to seven of the antimicrobial drugs. The laboratories used con-
ventional HPLC or ultra HPLC with fluorescence, UV or diode-array

detection or LC with MS detection to measure total (i.e. protein-
unbound plus bound) antimicrobial drug concentrations. A total
of 136 analyses were performed in both rounds. A quantitative
result was obtained for 131/136 (96%) of the measurements.
There were five reported measurements below the limits of quan-
tification of assays. For one laboratory the measurements of
flucloxacillin, piperacillin and tazobactam were excluded from
the results, since only unbound concentrations of these three
drugs were reported.

A total of 81% (range 56%–100%, dependent on drug) of
the measurements were determined accurately (Table 1 and
Figure 1). For the multilevel model analysis we excluded four
measurements with a gross deviation from the true value (with ab-
solute inaccuracies ranging from 191% to 6150%).

There was no significant intra-laboratory correlation found be-
tween the absolute inaccuracies (in percentage deviation from the
true values) [v2(1) = 1.73, P = 0.19]. The mean absolute inaccura-
cies for measurement of the different antimicrobial drugs were sig-
nificantly different [F(7, 98) = 3.07, P < 0.01]. The measurements of
flucloxacillin and N-acetyl sulfamethoxazole showed the best
performance; 100% (21 out of 21 and 13 out of 13, respectively) of
the samples were determined accurately. The measurements of
ceftazidime showed the worst performance; 56% (14 out of 25)
of the samples were determined accurately. The absolute inaccur-
acy achieved for ceftazidime was significantly higher than for flu-
cloxacillin (95% CI = 2.73–17.96, P = 0.0014), sulfamethoxazole
(95% CI = 3.77–19.76, P = 0.004) and N-acetyl sulfamethoxazole
(95% CI = 2.49–20.31, P = 0.0033). There was no significant effect
of the concentration level to be analysed or of the used analytical
method on the absolute inaccuracy [F(1, 98) = 0.32, P = 0.58 and
F(1, 98) = 0.028, P = 0.87, respectively]. The statistical interaction
between antimicrobial drug, concentration level and analytical
method was not significant.

Ten laboratories responded to the clinical case about flucloxa-
cillin and six laboratories responded to the clinical case about
ciprofloxacin. A total of 50% of the respondents filled in the correct
answer, as defined by the authors.

Discussion

The initial results of this programme showed a relatively good per-
formance of the participating laboratories in measuring antimicro-
bial drugs that are commonly used in critically ill patients. A total
of 81% of the measurements (ranging between 56% and 100%,
dependent on drug) were within the 80%–120% limits of the true
weighed-in concentrations. First rounds of previous programmes
initiated by us presented a similar performance: 65%, 77% and
83% with an acceptable accuracy for antiretroviral drugs, azole
antifungal drugs and TB drugs, respectively.17–19 Compared with a
national Belgium proficiency programme including meropenem
and piperacillin (with acceptable accuracies of 56% and 72%, re-
spectively), the performance of the first round of this international
programme was better.20

Nevertheless, still one out of five (19%) measurements was in-
accurate. Inaccurate results may introduce bias in pharmacoki-
netic studies or may lead to inappropriate dose adjustments
in TDM. Our data suggest that in particular the measurement of
ceftazidime and trimethoprim requires further improvement. It is
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unclear what factors might have caused the observed deviations,
since the sources of error were not assessed. There are many pos-
sible sources of bias that may explain the results, including

methodological, technical and clerical errors.21,22 Also the instabil-
ity of some of the antimicrobial drugs (i.e. flucloxacillin, ceftazi-
dime, piperacillin and tazobactam) might have contributed to the

Table 1. Measurements of QC samples, subdivided by antimicrobial drug and concentration level

Drug
Number of

measurements
Concentration

level

Measured
concentration relative to

true value (%)
Absolute

inaccuracy (%)a

Measurements with
acceptable accuracyb

n % overall %

Ceftazidime 14 low 89 (69–160) 16 (4–60) 9 64 56

11 high 85 (75–125) 20 (2–25) 5 45

Ciprofloxacin 4 low 98 (74–98) 2 (2–26) 3 75 82

7 high 88 (78–106) 12 (6–22) 6 86

Flucloxacillin 10 low 96 (89–112) 7 (1–12) 10 100 100

11 high 95 (80–101) 5 (1–20) 11 100

Piperacillin 8 low 105 (69–6250) 11 (1–6150) 5 63 75

12 high 106 (89–121) 10 (2–21) 10 83

Tazobactam 3 low 107 (107–115) 7 (7–15) 3 100 88

5 high 99 (82–125) 7 (0–25) 4 80

Sulfamethoxazole 10 low 96 (80–112) 7 (0–20) 9 90 94

8 high 97 (91–100) 3 (0–9) 8 100

N-acetyl

sulfamethoxazole

7 low 95 (86–114) 7 (0–14) 7 100 100

6 high 96 (91–100) 4 (0–9) 6 100

Trimethoprim 7 low 97 (73–1453) 27 (3–1353) 2 29 62

6 high 91 (87–92) 9 (8–13) 6 100

Data are presented as median (range) unless otherwise stated.
aInaccuracy is the percentage bias from the true concentration., i.e. inaccuracy = (100%measured concentration/true concentration)#100%.
bAcceptable measurements are within the 80%–120% limits of the true concentrations.

Figure 1. Deviation from the declared ‘true’ value. Each point represents a single measurement, shown as the percentage of the true weighed-in
concentration. The horizontal solid lines represent the median values. Accuracy was acceptable if measurements fell within 80%–120% limits of the
weighed-in concentrations (dashed lines). Filled circle, high spiked concentration; open square, low spiked concentration.
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observed variability. Sending an error evaluation form to the
participating laboratories will be considered for future rounds.

The exclusions of the four outliers in the multilevel analysis was
a subjective decision by the authors. Although we did not assess
the sources of bias, we assumed that a deviation of more than
three times the true value is caused by clerical errors instead of
analytical or methodological errors. The mean absolute inaccuracy
is greatly affected by these outliers. If the four measurements
were not excluded there was still a significant effect of the type of
antimicrobial drug to be measured on the absolute inaccuracy
[F(7, 112) = 2.39, P = 0.03] and a non-significant effect of the con-
centration level [F(1, 112) = 2.74, P = 0.10]. However, a significant
interaction effect was present [F(7, 112) = 2.53, P = 0.02], which
indicates that the mean absolute inaccuracy of the type of anti-
microbial drug to be measured was affected differently by concen-
tration level. Absolute inaccuracy was significantly lower for
measurement of piperacillin with a low concentration level than
for other antimicrobial drugs and concentration levels (P < 0.05).

The test case histories are meant for educational purposes and
are focused on key clinical issues in TDM of antimicrobial drugs.
There is ongoing debate on which clinical TDM target concentra-
tions should be used for the antimicrobial drugs involved in this QC
programme, especially for b-lactam antibiotics.23 The variation of
TDM targets and dosing adjustment strategies used in the clinical
setting is an interesting topic for discussion in the clinical cases.

By participating in the programme the laboratories were alerted
to possible analytical problems, which may help them to improve
their methods. Our results emphasize the need for and utility of an
ongoing QC programme. We acknowledge the selection of anti-
microbial drugs used in this programme is not complete.
Therefore, in future rounds the programme will be extended to the
measurement of other important antimicrobial drugs like merope-
nem as well as the possibility to report free (unbound) concentra-
tions. Laboratories are encouraged to participate in this QC
programme.
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