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Abstract 

Purpose: Individualising drug dosing using model‑informed precision dosing (MIPD) of beta‑lactam antibiotics and 
ciprofloxacin has been proposed as an alternative to standard dosing to optimise antibiotic efficacy in critically ill 
patients. However, randomised clinical trials (RCT) on clinical outcomes have been lacking.

Methods: This multicentre RCT, including patients admitted to the intensive care unit (ICU) who were treated with 
antibiotics, was conducted in eight hospitals in the Netherlands. Patients were randomised to MIPD with dose and 
interval adjustments based on monitoring serum drug levels (therapeutic drug monitoring) combined with pharma‑
cometric modelling of beta‑lactam antibiotics and ciprofloxacin. The primary outcome was ICU length of stay (LOS). 
Secondary outcomes were ICU mortality, hospital mortality, 28‑day mortality, 6‑month mortality, delta sequential 
organ failure assessment (SOFA) score, adverse events and target attainment.

Results: In total, 388 (MIPD n = 189; standard dosing n = 199) patients were analysed (median age 64 [IQR 55–71]). 
We found no significant differences in ICU LOS between MIPD compared to standard dosing (10 MIPD vs 8 standard 
dosing; IRR = 1.16; 95% CI 0.96–1.41; p = 0.13). There was no significant difference in target attainment before inter‑
vention at day 1 (T1) (55.6% MIPD vs 60.9% standard dosing; p = 0.24) or at day 3 (T3) (59.5% vs 60.4%; p = 0.84). There 
were no significant differences in other secondary outcomes.

Conclusions: We could not show a beneficial effect of MIPD of beta‑lactam antibiotics and ciprofloxacin on ICU LOS 
in critically ill patients. Our data highlight the need to identify other approaches to dose optimisation.
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Introduction
Timely and appropriate antibiotic treatment is vital in 
treating critically ill patients [1, 2]. Beta-lactam antibiot-
ics and fluoroquinolones are among the most prescribed 
antibiotics in the intensive care unit (ICU) [3, 4]. The 
pharmacokinetic (PK) behaviour of these antibiotics is 
different than in non-critically ill patients and subject to 
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fast and significant changes over time [5]. Consequently, 
only 60% of patients receiving beta-lactam antibiotics and 
30% of patients receiving ciprofloxacin achieve the ade-
quate pharmacodynamic target (PDT) [6–8]. Not achiev-
ing the PDT is associated with poorer chances of clinical 
cure, bacteriological eradication, and an increased chance 
of antimicrobial resistance development [9, 10]. Prevent-
ing resistance development is important as resistance to 
beta-lactam antibiotics and fluoroquinolones account 
for more than 70% of deaths attributable to antimicrobial 
resistance [11].

The Surviving Sepsis Campaign advises precision dos-
ing to optimise and individualise dosing strategies of 
antimicrobials based on pharmacokinetic/pharmacody-
namic (PK/PD) principles [12]. Therapeutic drug moni-
toring (TDM), an individualised dosing strategy based on 
assessments of serum drug levels, has been proposed as a 
method to optimise exposure [13]. TDM increases target 
attainment of some beta-lactam antibiotics and poten-
tially leads to better outcomes [14, 15]. Model-informed 
precision dosing (MIPD) is an emerging approach for 
TDM-guided dosing that addresses the limitations of tra-
ditional TDM, such as the need to wait for steady-state 
concentrations. Using population PK models and inte-
grating TDM results, MIPD can assess the probability of 
target attainment for different dosing regimens [16, 17]. 
Therefore, MIPD could help to optimise dosing of beta-
lactams and ciprofloxacin.

The effect of MIPD or TDM on clinical outcomes, 
especially in critically ill patients, has been scarcely stud-
ied in randomised clinical trials (RCT) [18]. The primary 
aim of this trial was to assess whether early MIPD using 
pharmacometric modelling of beta-lactam antibiotics 
and ciprofloxacin decreases ICU length of stay (LOS) 
compared to standard dosing.

Methods
Study design
The DOLPHIN multicentre, open-label, RCT was per-
formed in ICUs at eight academic and teaching hospitals 
in the Netherlands. The trial design has been published 
before and is available in the trial protocol [19]. This trial 
was conducted between October 2018 and September 
2021. Medical ethical board approval was obtained at 
the Erasmus University Medical Center (Erasmus MC) 
(MEC-2017-568; EudraCT 2017-004677-14). Addi-
tionally, the medical ethical board of each study site 
approved the protocol. All patients or their legal repre-
sentatives provided written informed consent before 
randomisation.

Patients
Patients eligible for inclusion were adults (≥ 18  years) 
admitted to the ICU, expected to receive at least one of 
the target antibiotics using intermittent infusion for at 
least 2 days.

Patients were excluded in cases of pregnancy, antibi-
otic cessation before first blood sample collection, enrol-
ment in another interventional trial, admittance for burn 
wounds or receiving study antibiotics only as part of 
selective decontamination of the digestive tract (SDD) 
prophylaxis (Supplement 1, Table  S1) [20]. Patients 
admitted with a primary diagnosis of coronavirus disease 
2019 (COVID-19) were excluded.

Randomisation
Patients were included and randomised within 36  h of 
the initial antibiotic dose. Randomisation took place in 
a 1:1 fashion, was stratified by site and antibiotic group 
(beta-lactam antibiotics and ciprofloxacin), computer-
generated and used randomly permuted blocks of 2–8 
allocations with increments of two. Patient allocation was 
not blinded to treating physicians due to the nature of the 
study.

Procedures
Patients in both groups started with antibiotic treatment 
according to standard clinical practice [21]. Following 
randomisation, trough and peak concentrations were 
drawn up to 4 times per patient with intervals of 48 h.

Sampling moment one (T1) was the day of the first 
antibiotic sampling, which was at most 36 h after the first 
antibiotic dose (T0). Within 12  h of sampling, a dosing 
recommendation was given based on measured serum 
antibiotic concentration. Dosing was re-evaluated on day 
3 (T3) and day 5 (T5) after initiation of the antibiotic. For 
patients still receiving the antibiotic on day 7 (T7), anti-
biotic sampling without a dosing recommendation was 
performed to analyse the effects of dose adjustments on 
T5.

Dosing of the antibiotics is based on the range in mini-
mum inhibitory concentration (MIC) of expected path-
ogens. The epidemiological cut-off values  (MICECOFF) 
describe the highest MIC for organisms devoid of phe-
notypically-detectable acquired resistance mechanisms: 
the upper end of the wild-type distribution [22]. For PD 
properties, the  MICECOFF of EUCAST for the expected 
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in critically ill patients. Other approaches will need to be explored



pathogens were used (Supplement 1, Table S2). The PDT 
is the minimum value of the PK/PD index that is based on 
preclinical and clinical drug/microorganism exposure–
response relationships. Beta-lactam antibiotics exhibit 
time-dependent bacterial killing and a successful out-
come is best associated with the time that the unbound 
(free, f ) concentration remains above the  MICECOFF as a 
function of the dosing interval (fT >  MICECOFF). For cip-
rofloxacin, bactericidal activity is characterised by con-
centration-dependent activity. The ratio of the area under 
the drug serum concentration–time curve over 24  h to 
the  MICECOFF (AUC 0–24 h /  MICECOFF) is a good predic-
tor of ciprofloxacin efficacy. In the present study, the 
PDT for beta-lactam antibiotics and ciprofloxacin were 
fT > MIC for 100% of the dosing interval and an AUC 
0–24  h /  MICECOFF ratio above 125, respectively (Supple-
ment 1, Table S3). Above target was defined as a steady-
state trough concentration  (Ctrough,ss) of more than 10 
times the  MICECOFF in the case of beta-lactam antibiot-
ics and an AUC 0–24  h/MICECOFF of more than 500  h for 
ciprofloxacin.

All serum antibiotic concentrations were measured at 
the Erasmus MC, using a validated LC/MS–MS method 
[23]. Unbound concentrations were measured for antibi-
otics with high protein binding (ceftriaxone and flucloxa-
cillin). Samples that were not collected at the primary 
study site were stored at + 4 to + 8 degrees Celsius and 
transported to the Erasmus MC for analysis within 6 h.

Target attainment is defined as achieving the PDT of 
the respective antibiotic after reaching a steady-state. 
Steady-state antibiotic exposure was predicted using 
Bayesian forecasting incorporating the measured serum 
antibiotic concentrations into previously published par-
ametric population PK models of critically ill patients 
using InsightRx™ (version 1.15.16, San Francisco, Cali-
fornia). An overview of the used models and their pub-
lications is included in the supplements (Supplement 1, 
Table  S4). Both trough and peak concentrations were 
used to Bayesian fit these population PK models to the 
individual patient [17]. Concentrations from previ-
ous days were analysed in relation to changes in kidney 
function or albumin levels, since these were the vari-
able covariates. From the fitted PK model, fT > MIC, area 
under the curve divided by MIC (AUC 0-24  h/MICECOFF) 
and  Ctrough,ss were calculated. For ceftriaxone and fluclox-
acillin, the unbound concentrations were estimated using 
the measured unbound fraction in combination with the 
Bayesian predicted total concentration. A dose recom-
mendation was formulated based on these estimations 
for the relevant PDT.

Patients in the standard dosing group were dosed based 
on local guidelines and could freely be adjusted by the 
attending physician. Sampling continued at the same 

intervals as in the MIPD group, but without dosing rec-
ommendations. These samples were stored at -80 degrees 
Celsius and analysed in bulk.

Outcomes
The primary outcome was the intensive care unit length 
of stay (ICU LOS). This was calculated as the days 
between ICU admission and ICU discharge or death. The 
ICU LOS of patients transferred to another ICU was cal-
culated as the days between ICU admission and transfer 
date.

The following secondary outcomes were assessed: 
28-day mortality, ICU mortality, hospital mortality, 
6-month mortality, delta-SOFA score (the difference 
between SOFA score at T0 and T5), delta-CRP (C-reac-
tive protein) between T0 and T5, delta-WBC (white 
blood cell count) between T0 and T5, the incidence of 
adverse events within 7 days (including death and read-
missions within 6 months of T0), antibiotic PDT attain-
ment and quality of life expressed as VAS-score and 
QALY (assessed by EuroQol 5D-5L questionnaire) at 
6 months.

A cost-effectiveness analysis was performed from a 
hospital perspective on the QALY at 6 months. The out-
come of the analysis was the incremental cost-effective-
ness ratio (ICER) per QALY defined as the costs, divided 
by the difference in effects between MIPD compared to 
standard therapy. Admission costs for the ICU were esti-
mated using a recent micro-costing study [24]. Admis-
sion costs for the hospital wards were extracted from the 
Dutch guideline for economical evaluations in healthcare 
[25]. For patients in the MIPD group, the costs of the 
intervention were added to the admission costs. All costs 
were indexed and inflation-corrected to 2020.

For post hoc analyses, the following variables were 
tested: ICU days after the first antibiotic dose (T0), ICU-
free days alive (number of days not admitted to the ICU 
within 28 days after T0; Patients who died were defined 
as 0). Furthermore, the ICU LOS analysis was performed 
after a correction of patients who were transferred to 
another ICU: The correct discharge date was determined 
by contacting the receiving ICU. The different antibiotic 
groups (beta-lactam antibiotics and ciprofloxacin) and 
per-protocol were tested in post hoc analysis with the 
primary outcome of ICU LOS.

Statistical analysis
Sample size calculations were based on a decrease in ICU 
LOS from seven to 6 days with a standard deviation (SD) 
of 3.5 days. With an alpha level of 0.05 and power of 0.80, 
we aimed to include 382 patients [19]. With an expected 
dropout rate of 15%, we aimed to randomise 450 patients.



The data were analysed using the intention-to-treat 
(ITT) principle. Patients were not included in the anal-
ysis if they met the exclusion criteria after randomisa-
tion. First, the patient and clinical characteristics were 
described as mean with standard deviation (SD) or 
median with interquartile range (IQR) for continuous 
variables depending on their normality of distribution. 
The Shapiro–Wilk test was used to assess normality. 
Differences between MIPD and standard dosing were 
analysed using an independent sample t test or Mann–
Whitney U test for normally distributed and non-nor-
mally distributed variables, respectively. Categorical 
variables were described using count with percentages 
and differences between MIPD and standard dosing 
groups were examined using Fisher’s exact test.

The primary outcome was presented as median with 
IQR. We used a negative binomial Poisson regression or 
Poisson regression, depending on the dispersion param-
eter, to adjust for patient and clinical characteristics that 
differ significantly with a p value < 0.15 in the univari-
ate analysis. For the Poisson regression, the incidence 
rate ratio (IRR) and the 95% confidence interval were 
reported.

Statistically significant differences for continuous 
and categorical variables between study groups will be 
assessed using an independent sample t test and chi-
square test, respectively. If a continuous variable is non-
normally distributed, a Mann–Whitney U test will be 
employed to assess the statistical differences. In case of 
imbalances between the two groups, we will switch to 
Poisson regression, binary logistic regression or linear 
regression for count, binary outcome or continuous out-
comes, respectively. Due to inflated zeros in the ICU-free 
days alive, a Mann–Whitney U test was used to test for 
significant differences.

Adverse events were described as count with percent-
age. Target attainment was described as count with per-
centage over time and visualised using an alluvial plot.

Post hoc analysis was performed on the primary out-
come of ICU LOS and target attainment at T3 within the 
groups of interest using the same regression models as 
described under the primary outcome.

Results
Patient characteristics
From October 2018 to September 2021, 450 patients 
were randomised (MIPD; n = 226, standard dosing group; 
n = 224). Due to not acquiring informed consent or 
retracting informed consent, 18 patients were excluded 
from analyses. Furthermore, 44 patients met the exclu-
sion criteria between randomisation and any interven-
tion and were therefore excluded, leaving 388 in the 
primary analysis (MIPD; n = 189, standard dosing group; 

n = 199) (Fig. 1). Of these patients, the median age was 64 
(IQR 55–71), the median Acute Physiology and Chronic 
Health Evaluation version four (APACHE IV) score was 
70 (IQR 51–90) and 65% of the patients were treated for 
a pulmonary infection. Most patients had sepsis without 
shock (31.2%) or septic shock (23.5%). The median SOFA 
score was 8 (IQR 5–10.3) at T0 and only 3 patients had 
a SOFA score of 0 (Supplement 1, Figure S2). Patient 
and clinical characteristics were well balanced between 
groups (Table  1). The only characteristic with a p value 
below 0.15 was the Charlson comorbidity index (CCI).

The median time of first sampling after the start of 
antibiotics was 19.6 h (IQR 14.5–31) in the MIPD group 
and 18.5 h (IQR 14.1–29) in the standard dosing group. 
A positive isolate was found in 206 patients (101 MIPD; 
105 standard dosing). In 59 patients (31 MIPD; 28 stand-
ard dosing) the pathogen was intrinsically resistant to the 
researched antibiotic. In the intervention group, a dose 
adjustment was recommended for 71 (37.6%), 27 (23.1%), 
and 8 (13.3%) patients at T1, T3 and T5, respectively 
(Fig. 2).

Primary and secondary outcomes
The median ICU LOS was 10.0  days (IQR 5–20) in the 
MIPD group and 8 days (IQR 3–19) in the standard dos-
ing group (Table  2). The dispersion parameter was 1.47 
(χ2 = 568), indicating that a negative binomial Pois-
son regression is more appropriate. The unadjusted and 
adjusted IRR for ICU LOS were 1.12 (95% CI 0.92–1.36; 
p = 0.27) and 1.16 (95% CI 0.96–1.41; p = 0.13), respec-
tively (Table 2). The CCI was the only parameter included 
in the adjusted analysis.

The unadjusted and adjusted odds ratio for 28  day 
mortality was 1.10 (95% CI 0.7–1.74; p = 0.68) and 1.04 
(95% CI 0.65–1.66; p = 0.87), respectively. For QALY at 
6  months, the unadjusted and adjusted estimates were 
0.03 (95% CI − 0.12 to 0.06; = 0.55) and 0.03 (95% CI 
− 0.12 to 0.06; = 0.49), respectively. There was no sig-
nificant difference between study groups in all mortal-
ity outcomes, in delta-CRP, delta-WBC, or delta-SOFA 
scores (Table 2).

Target attainment was 55.6% at T1 in the MIPD group 
compared to 60.9% in the standard dosing group (Sup-
plement 1, Table  S10 and Fig.  3) (p = 0.24). At T3, tar-
get attainment was measured in 222 (57%) patients (116 
MIPD group; 106 standard dosing group) and was similar 
with 59.5% and 60.4% in the MIPD and standard dosing 
group, respectively (p = 0.84). The differences in target 
attainment between the study groups at any timepoint 
were not significant (Table 2).

There were no major differences in adverse events 
between the groups and none were likely to be related to 
the study intervention (Supplement 1, Table S11).



The mean total costs were €52,056 (95% CI − 52,133 
to 156,246) and €48,210 (95% CI − 64,077 to 160,498) 
in the MIPD group and standard dosing group, respec-
tively. The incremental costs were €5,312 with an aver-
age decrease in 6  months QALY of 0.03 (range − 0.5 
to 0.5) in MIPD compared to the standard dosing. The 
negative effect and increase in costs lead to a negative 
ICER of €-177,066, which means the intervention is not 
cost-effective.

Post hoc analyses
The unadjusted and adjusted IRR for ICU LOS after T0 
were 1.09 (95% CI 0.9–1.31; p = 0.4) and 1.11 (95% CI 
0.92–1.34; p = 0.27), respectively (Table 2). The ICU-free 
days alive was 16 (IQR 0–23) and 18 (0–25) for the MIPD 
group and standard therapy group, respectively.

Furthermore, when including the ICU LOS after 
patients were transferred to another ICU, the total ICU 
LOS was similar, albeit increased in the MIPD group 
(IRR = 1.13; 95% CI 0.93–1.38; p = 0.22) (Supplement 1, 
Table S12).

The estimates of treatment effect for post hoc subgroup 
analyses were similar to the main analysis (Supplement 1, 
Tables S13–S14). We observed no significant differences 
in ICU LOS between patients receiving beta-lactam 

antibiotics (IRR 1.20; 95% CI 0.96–1.52) or ciprofloxacin 
(IRR 0.96; 95% CI 0.65–1.4).

Discussion
In this multicentre RCT involving critically ill patients, 
we investigated whether early MIPD using pharmaco-
metric modelling of beta-lactam antibiotics and cipro-
floxacin can decrease ICU LOS compared to standard 
dosing. Contrary to our hypothesis, we found that the 
ICU LOS in the MIPD group and standard dosing group 
were similar, although the ICU LOS in the MIPD group 
was non-significantly increased by 2 days on average.

To our knowledge, this RCT is the first multicentre 
trial focusing on the effect of antibiotic MIPD on clini-
cal outcomes. In our current study, no significant dif-
ferences were found in mortality outcomes and adverse 
events between the groups. In the first 36 h, our target 
attainment was 64% for the beta-lactam antibiotics 
and 40% for ciprofloxacin, which seems to be within 
the margins of literature [6–8]. Furthermore, target 
attainment at different time points was not improved 
in the MIPD arm. Four smaller studies showed no sig-
nificant clinical effect of TDM without using models 
of antibiotics on outcomes in critically ill patients [15, 
26–28]. Two of these studies used retrospective TDM 
data that were applied in routine clinical treatment [27, 

Fig. 1 Patient flow in the DOLPHIN trial. AB antibiotic; SDD selective decontamination of the digestive track; T1 first moment of blood sampling. 
Patients were excluded from analyses if they did not comply to the inclusion criteria e.g. no informed consent was gathered. Patients were further‑
more excluded if they met an exclusion criterium within the first 24 h of therapy, before sampling was performed



Table 1 Patient and clinical characteristics

APACHE IV Acute Physiology and Chronic Health Evaluation version 4; BMI body mass index; CNS Central nervous system; CRP C-reactive protein; eGFR estimated 
glomerular filtration rate; ICU LOS intensive care unit length of stay; RRT  renal replacement therapy; SOFA sequential organ failure assessment; T0 first antibiotic dose; 
WBC White blood cell count
a For values with missing data, summary data are based on available cases. Missing values were limited to 10 cases and therefore not imputed
b Range 0–37; higher scores indicate a greater burden of disease
c Range 0–286; higher scores indicate greater severity of illness and risk of in-hospital death
d Range 0–24; higher scores indicate a greater severity of organ dysfunction in critically ill patients and greater risk of in-hospital death
e Based on the Sepsis III criteria
f Calculated using the MDRD formula

MIPD (n = 189) Standard dosing (n = 199)

Age, median (IQR), y 65 (57–71) 64 (53–71)

Male sex, No. (%) 116 (61.4) 123 (61.8)

BMI, median (IQR), kg/m2 26.3 (23.4–31.2) 26 (23–29.2)

Charlson Comorbidity Index, median (IQR)b 3 (2–4) 3 (2–4.5)

APACHE IV Score, median (IQR)c 71 (53–89) 70 (50–91)

ICU admission diagnosis, No. (%)
Sepsis 87 (46) 101 (50.8)

Respiratory 23 (12.2) 31 (15.6)

Surgical 18 (9.5) 21 (10.6)

Neurological 21 (11.1) 14 (7)

Trauma 15 (7.9) 15 (7.5)

Cardiovascular 16 (8.5) 12 (6)

Digestive 0 (0) 1 (0.5)

Other 9 (4.8) 4 (2)

Antibiotic therapy duration, median (IQR), days 4.1 (1.98–6.06) 3.5 (2.22–5.25)

At start antibiotics (T0)
ICU LOS prior to T0, median (IQR), days 1 (0–6) 1 (0–3)

SOFA Score, median (IQR)d 8 (5–11)a 8 (5–10)a

Sepsis, No. (%)e

Sepsis without shock 61 (32.3) 60 (30.2)

Septic Shock 39 (20.6) 52 (26.1)

Suspected site of infection, no. (%)
Pulmonary 126 (66.7) 127 (63.8)

Intra‑abdominal infection 31 (16.4) 31 (15.6)

Skin and soft tissue 3 (1.6) 10 (5)

CNS 5 (2.6) 5 (2.5)

Urinary tract infection 7 (3.7) 3 (1.5)

Bacteraemia 2 (1.1) 6 (3)

Catheter‑related infection 2 (1.1) 2 (1)

Ear nose throat 2 (1.1) 1 (0.5)

Endocarditis 1 (0.5) 1 (0.5)

Unknown focus 7 (3.7) 10 (5)

Other 3 (1.6) 3 (1.5)

Mechanical ventilation, no. (%) 136 (72) 146 (73.4)

RRT, no. (%) 29 (15.3) 29 (14.6)

Positive microbiological isolate, no. (%) 101 (53.4) 105 (52.8)

Intrinsically resistant isolate, no. (%) 31 (16.4) 28 (14.1)

Albumin, median (IQR), g/L 27 (23–32)a 27 (23–33)a

eGFR, median (IQR), mL/min/1.73  m2 f 65.3 (32.1–110)a 60.1(33.1–98.2)

CRP, median (IQR), mg/L 178 (78 – 297)a 188 (63–294)a

WBC, median (IQR), ×  109/L 12.9 (8.3 – 18)a 13.8 (9.2 – 18.4)a



28]. The other two were smaller RCTs: De Waele and 
colleagues included patients receiving meropenem or 
piperacillin; [15] while Hagel and colleagues studied 
continuous infusion of piperacillin in patients with sep-
sis [26]. None of the trials showed a significant differ-
ence in clinical outcomes. However, three of these trials 
showed an increase in target attainment when applying 
TDM [15, 26, 28]. In contrary to our study, these tri-
als did not use pharmacometric modelling to estimate 
future antibiotic exposure.

Out of all the patients, 59 were infected with a patho-
gen that was intrinsically resistant to the antibiotic they 
were randomised for. Empiric antibiotic therapy and 
our intervention are usually started before a pathogen is 
found. Usually, antibiotic combination therapy will cover 
the pathogen treatment. Alternatively, the choice of anti-
biotics will be altered after finding an intrinsically resist-
ant pathogen.

We did not observe intervention-related side effects. 
Furthermore, no difference in liver or renal toxicity was 
found. However, diagnosing neurotoxicity on the ICU 
is challenging and probably results in underreporting 
of these side effects [29]. It is not easy to attribute neu-
rological side effects to antibiotics due to comedication 
or comorbidities. Additional prospective registration 
of symptoms could aid in this diagnosis. Furthermore, 
to avoid potentially toxic effects, dose reduction is arbi-
trarily recommended when the unbound trough levels 
exceeds 8 × MIC [30].

The “golden” window of antibiotic treatment is within 
the first hours [31]. Therefore, the essence of perform-
ing MIPD studies in critically ill patients is a short turn-
around time between concentration assessment and 
clinical intervention in the early phase of treatment. 
Especially as there are rapid and frequent changes in ill-
ness severity and treatment of the critically ill patient. 
To ensure the right antibiotic exposure, the dose should 

Fig. 2 Study flow and dose advice given. ICU intensive care unit; MIP model‑informed precision dosing; MD medical doctor; T1, first moment of 
antibiotic sampling, 1 day after initiation of antibiotic; T3, second moment of sampling, 48 h after T1; T5, third moment of sampling, 48 h after T3. (1) 
Patients in the ICU were sampled in the morning, after a logistical route the sample was analysed in the laboratory and the analytical results were 
imported into the analysing software. (2) A Bayesian prediction was made using previously published population PK models. Dose adjustments 
were simulated, after which a final dose advice was chosen. (3) The bedside physician (MD) was informed of the dosing advice. (4) The dosing of the 
antibiotic was altered by the physician. In the bottom panel, the given dose advice are reported. Doses could be increased, decreased or kept equal. 
Equal doses were advised when the target was attained or when the maximum daily dose was achieved



be personalised even before the first administration and 
updated frequently using MIPD.

Target attainment did not significantly increase in the 
MIPD group. This finding can have multiple possible 
explanations. The large variability within a single patient 
over time could make the PK changes—for example, 
due to dialysis, volume resuscitation, or organ failure—
unpredictable within the timeframe between interven-
tion and measurement of the target attainment outcome. 
When applying model-based dose adjustments, the used 
models were unlikely able to predict these PK changes 
within the following 48  h. Additionally, we only used 
traditional restrictive dose adjustments according to our 

protocol. These dose adjustments may not have been vig-
orous enough to attain the PDT, as there was a maximum 
to the dose increase or decrease for every 48-h interval. 
Furthermore, a maximum in daily dosing was adhered 
which limited the possibilities of dose increases.

There are some directions for future research on dose 
optimisation of beta-lactam antibiotics  in the criti-
cally ill. Dreesen and colleagues recently described a 
simulation that target attainment could be improved 
by doubling daily doses of ceftriaxone for patients with 
a prior increased risk of augmented renal clearance 
[32]. They showed that a machine learning approach 
could aid in dose optimisation. A recent article by Yang 

Table 2 Study outcomes

All adjusted regressions were adjusted for the Charlson comorbidity index
a At 28 days after start of studied antibiotic
b Analysed with Poission regression, reported as incidence risk ratio
c Analysed with logistic regession, reported as odds ratio
d Analysed with lineair regression, reported as effect
e Analysed in 222 patients
f Analysed in 108 patients
g Analysed in 47 patients
h Analysed with Mann–Whitney U test

Outcome MIPD Standard therapy Crude effect (95% CI) Adjusted Effect (95% CI) P-value P-value 
adjusted

ICU LOS, median (IQR) 10 (5–20) 8 (3–19) 1.12 (0.92–1.36)b 1.16 (0.96–1.41)b 0.27 0.13

ICU LOS after T0, median (IQR) 7 (3–13) 6 (3–14) 1.09 (0.9–1.31)b 1.11 (0.92–1.34)b 0.4 0.27

ICU‑free days alive, median (IQR)a 16 (0–23) 18 (0–25) 0.21h

ICU mortality, No. (%) 41 (21.7) 36 (18.1) 1.25 (0.76–2.07)c 1.21 (0.74–2.02)c 0.37 0.44

28‑day mortality, no. (%) 50 (26.5) 49 (24.6) 1.1 (0.7–1.74)c 1.04 (0.65–1.66)c 0.68 0.87

Hospital mortality, no. (%) 53 (28) 51 (25.6) 1.13 (0.72–1.77)c 1.07 (0.68–1.7)c 0.59 0.76

6 month mortality, no. (%) 69 (36.5) 64 (32.2) 1.21 (0.8–1.85)c 1.14 (0.74–1.76)c 0.37 0.57

SOFA score at T5, median (IQR) 3 (0–6) 1.5 (0–7) 0.11h

Delta‑SOFA score at T5, median 
(IQR)

4 (1–7) 4 (1–7) − 0.03 (− 0.92 to 0.87)d − 0.1 (− 0.99 to 0.79)d 0.95 0.82

CRP at T5, median (IQR) 79 (41–162) 84 (42–180) 0.68h

Delta‑CRP score at T5, median (IQR) 61 (9–160) 75 (17–190) − 12.2 (− 49.1 to 24.6)d − 14.2 (− 51.1 to 22.8)d 0.52 0.45

WBC at T5, median (IQR) 13.5 (9.5–18.7) 12.9 (9.8–17.1) 0.51h

Delta‑WBC score at T5, median 
(IQR)

0.02 (− 6.7 to 4.7) 0.7 (− 4.9 to 4.9) − 0.7 (− 3.2 to 1.8)d − 0.8 (− 3.3 to 1.7)d 0.59 0.55

Target attainment at T1, no. (%) 105 (55.6) 120 (60.9) 0.8 (0.53–1.2)c 0.78 (0.52–1.18)c 0.29 0.24

Above target at T1, no. (%) 26 (13.8) 15 (7.6) 1.93 (1–3.86)c 1.84 (0.94–3.7)c 0.05 0.08

Target attainment at T3, No. (%)e 69 (59.5) 64 (60.4) 0.96 (0.56–1.64)c 0.95 (0.55–1.63)c 0.89 0.84

Above target at T3, No. (%)e 14 (12.1) 8 (7.5) 1.68 (0.69–4.37)c 1.62 (0.65–4.25)c 0.26 0.31

Target attainment at T5, no. (%)f 36 (60) 24 (50) 1.5 (0.7–3.25)c 1.52 (0.7–3.33)c 0.3 0.29

Above target at T5, no. (%)f 7 (11.7) 3 (6.3) 1.98 (0.52–9.6)c 1.87 (0.48–9.13)c 0.34 0.39

Target attainment at T7, No. (%)g 15 (71.4) 15 (57.7) 1.83 (0.55–6.54)c 1.71 (0.5–6.27)c 0.33 0.4

Above target at T7, no. (%)g 2 (9.5) 0 (0) ∞ (0–∞)c ∞ (0–∞)c 1 1

Quality of Life VAS at 6 months, 
median (IQR)

70 (50–80) 65 (55–75) − 0.8 (− 6.26 to 4.66)d − 0.75 (− 6.26 to 4.76)d 0.775 0.79

QALY at 6 months, median (IQR) 0.78 (0.57–0.89) 0.72 (0.51–0.85) − 0.03 (− 0.12 to 0.06)d − 0.03 (− 0.12 to 0.06)d 0.55 0.49



and colleagues showed that model-based forecasting of 
meropenem may be possible using Bayesian estimations 
in combination with TDM information in a critically ill 
population [33]. They also showed the importance of 
external validation of these population PK models before 
use in the clinical setting. However, this study did not 
specify the time difference between samples that were 
predicted and insights into the accuracy of 48-h predic-
tions are needed. The use of live bedside measurements 
could be used in MIPD frameworks to quickly optimise 
dosing during the entire admission [34, 35]. Moreover, 
finding the appropriate subpopulation that may benefit 
from dose optimisation strategies will be needed, as not 
all patients are at equal risk of not reaching the PDT [36]. 
Those can be patients who are at risk for having a resist-
ant pathogen or those with augmented renal clearance 
[18]. Selection of patients at risk for target non-attain-
ment could aid in the power of future trials.

We could not find an explanation for the non-signifi-
cant increase of ICU LOS in the MIPD group in our data. 
We considered the non-blinding approach could lead to a 
bias. Another explored explanation was toxicity of beta-
lactam, but could not find this in our data. As discussed 
earlier, beta-lactams toxicity is difficult to assess. Dose 
increases leading to excessive dosing and dose decreases 
leading to below target were found once in the inter-
vention group: this patient received an advice for dose 
increase at T1 and was because of acute changes in renal 
function above target at T5.

This study has several limitations. First, due to a 
maximum delay of 36  h after initiation of antibiotics to 
gather informed consent, the dose optimisation was 
delayed. Future studies should research dose person-
alisation at the first administration. Second, the current 
PDTs of 100% fT > MIC and AUC/MIC > 125 were based 
on expert opinion and retrospective studies. However, 
there is no conclusive evidence that advocates for other 
PDTs. Furthermore, the exposure was examined in blood 
serum, which might not have the same concentrations 
as on the site of infection. Novel techniques to examine 
the exposure in tissue should be explored for future tri-
als. Third, the non-blinded design might have introduced 
some bias in the decision to lengthen the ICU stay. How-
ever, we expect little effect due to a persistent high ICU 
turnover of patients and high rotation of ICU physicians. 
Fourth, both patients receiving beta-lactam antibiotics 
and patients receiving ciprofloxacin were analysed as one 
group. To avoid significant imbalances between centres 
and these two antibiotic groups, the randomisation was 
stratified by these two variables. In post hoc analyses, we 
also found no differences concerning ICU LOS when ana-
lysed separately. Finally, the MIC values used for assess-
ing PDTs were based on ECOFF values of the expected 
pathogens. Due to this approach, there is a chance that 
PDTs are overestimated in our study. The causing patho-
gen will often not be available at the time of TDM, and 
if the pathogen is available, the measurement of a rela-
tively reliable MIC should be performed using the golden 

Fig. 3 Alluvial plot of target attainment over time. T1, first moment of antibiotic sampling, 1 day after initiation of antibiotic; T3, second moment of 
sampling, 48 h after T1; T5, third moment of sampling, 48 h after T3



standard method several times. These methods are not 
available and feasible in routine clinical laboratories [37].

To conclude, we could not show a beneficial effect of 
MIPD of beta-lactam antibiotics and ciprofloxacin on 
ICU LOS in critically ill patients in this RCT. MIPD in 
the current approach cannot be recommended for imple-
mentation. Further studies are needed to explore other 
approaches to dose optimisation of these antibiotics.
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