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Abstract

Background The efficacy of therapeutic drug monitoring (TDM)-based antimicrobial dosing optimization strate-
gies on pharmacokinetics/pharmacodynamics and specific drug properties for critically ill patients is unclear. Here,
we conducted a systematic review and meta-analysis of randomized controlled trials to evaluate the effectiveness
of TDM-based regimen in these patients.

Methods Articles from three databases were systematically retrieved to identify relevant randomized control stud-
ies. Version two of the Cochrane tool for assessing risk of bias in randomized trials was used to assess the risk of bias

in studies included in the analysis, and quality assessment of evidence was graded using the Grading of Recommen-
dations Assessment, Development, and Evaluation approach. Primary outcome was the 28-day mortality and second-
ary outcome were in-hospital mortality, clinical cure, length of stay in the intensive care unit (ICU) and target attain-
ment atday 1 and 3.

Results In total, 5 studies involving 1011 patients were included for meta-analysis of the primary outcome, of which
no significant difference was observed between TDM-based regimen and control groups (risk ratio [RR] 0.94, 95%
confidence interval [Cl]: 0.77-1.14; > =0%). In-hospital mortality (RR 0.96, 95% Cl: 0.76-1.20), clinical cure (RR 1.23,95%
Cl:0.91-1.67), length of stay in the ICU (mean difference 0, 95% Cl: — 2.18-2.19), and target attainment at day 1 (RR
1.14,95% Cl: 0.88-1.48) and day 3 (RR 1.35, 95% Cl: 0.90-2.03) were not significantly different between the two groups,
and all evidence for the secondary outcomes had a low or very low level of certainty because the included studies
had serious risk of bias, variation of definition for outcomes, and small sample sizes.

Conclusion TDM-based regimens had no significant efficacy for clinical or pharmacological outcomes. Further stud-
ies with other achievable targets and well-defined outcomes are required.

Trial registration: Clinical trial registration; PROSPERO (https://www.crd.york.ac.uk/prospero/), registry number: CRD
42022371959. Registered 24 November 2022.
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Background

Antibiotic therapy is a cornerstone in the treatment of
sepsis and severe infections, and appropriate antibiotic
dosing design based on pharmacokinetics/pharmacody-
namics (PK/PD) is necessary [1-4]. The Surviving Sepsis
Campaign suggested that dosing strategies for antimicro-
bials should be optimized based on PK/PD and specific
drug properties as a best practice statement [5]. How-
ever, sepsis can result in an increase in the distribution
volume of antibiotics and altered clearance, leading to
unpredictable blood levels if treatments are based on
normal antibiotic doses [6—11]. In such cases, the usual
PK/PD-based dosing regimen may result in inadequate
or excessive antibiotic concentrations, leading to poor
clinical outcomes or organ damage such as kidney injury
[12-14].

Therapeutic drug monitoring (TDM), which refers the
management and adjustment of the patient’s drug dosing
based on the measured drug concentration in the blood,
has been suggested as a method of drug exposure opti-
mization [15, 16]. Previous studies have advocated for
the importance of TDM to maximize antimicrobial effec-
tiveness and decrease adverse event. However, only few
studies have clearly verified the efficacy of TDM-based
antibiotic regimen in critically ill patients, regardless of
the antimicrobial agent type [17].

Recent systematic review and meta-analysis evaluat-
ing TDM for beta-lactam antibiotics included five ran-
domized control trials (RCTs), but two large RCTs on
TDM have since been published, increasing the need
for reevaluation [18]. Hence, we conducted a systematic
review and meta-analysis of RCTs to evaluate the efficacy
of TDM-based regimens in critically ill patients, focusing
on both clinical and pharmacological outcomes, which
includes target attainment. Studies were not restricted
by type of antimicrobial agent as the primary aim was to
validate the implementation of TDM-based regimens.

Materials and methods

Study design and definition

This systematic review and meta-analysis followed the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses statement [19], and the protocol for this
systematic review was registered in the PROSPERO
database on 24 November 2022 (CRD 42022371959). In
the protocol, critically ill patients were defined as those
meeting any of the following: (1) patients admitted to an
intensive care unit (ICU) and requiring artificial support

including invasive mechanical ventilation; (2) patients
who were considered critically ill based on the definition
in each study and had suspected or proven infection, or
(3) patients diagnosed with sepsis. Sepsis was defined
as Sepsis-3 or severe sepsis with Sepsis-1 or 2, which
indicates organ dysfunction due to infection [20]. TDM
was defined as the measurement of antimicrobial agent
concentration in blood, serum, or plasma at a specific
time point, and the dosing adjustment was based on the
concentration.

Research question and inclusion criteria

Our research question was whether TDM should be used
to adjust antimicrobial doses in patients with sepsis or
treated in the ICU. Accordingly, RCTs comparing TDM
to standard procedures in patients aged > 18 years with
either sepsis or who were critical ill were included. TDM
studies that did not have a control were excluded. Case
series, case reports, editorials, letters to editor, and con-
ference abstracts were also excluded from this review.

Literature search

Two authors (N.T. and Y.O.) independently and system-
atically searched the MEDLINE (via PubMed), Cochrane
CENTRAL databases, and Igaku-Chuo-Zasshi for peer-
reviewed articles published as well as the ClinicalTrials.
gov and World Health Organization International Clini-
cal Trial Registry Platform for relevant completed trials
between database inception and November 2022 (search
date: 17 November 2022).

Search formulas were created based on “Sepsis’, “Sys-
temic Inflammatory Response Syndrome’, “Multiple
Organ Failure’, “Critically ill” “Therapeutic Drug Moni-
toring’, and “Randomized controlled trial” with Medical
Subject Heading terms and text words along with a query
starting with “NOT” to exclude ineligible studies. The
terms were then arranged and entered in a form suitable
for each database (Additional file 1: Table S1).

Screening and data extraction

After extraction of the study list and exclusion of dupli-
cate studies, two authors (N.T. and Y.O.) independently
screened the titles and abstracts of all articles to iden-
tify eligible studies by using a study by Ryyan [21] as the
first screening. If there was conflict between the authors
and the disagreement persisted, a third author (Y.K.) was
consulted to resolve the conflict through discussion. The
second screening was reviewing full texts of the articles
included in the final selection, which was independently
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performed by two authors (N.T. and Y.O.). Subsequently,
two authors (N.T. and Y.O.) independently extracted all
relevant information from the included studies, includ-
ing study settings and period, design, year, study popula-
tion, sample size, patient demographic, type of antibiotics
regimen, intervention algorithm and strategy, minimum
inhibitory concentration (MIC), target attainment, pri-
mary outcomes, and included mortality type.

Risk of bias assessment using the grading
of recommendations assessment, development,
and evaluation (GRADE) approach
Two authors (N.T. and Y.O.) independently assessed the
risk of bias for each included study using the Cochrane
tool for assessing risk of bias in randomized trials, ver-
sion two (RoB 2) [22]. This tool assesses bias arising
from the randomization process due to deviations from
intended interventions and missing outcome data in out-
come measurement and selection of reported results by
classifying each domain with low, intermediate, or high
risk of bias. Any conflicts were resolved through a discus-
sion or independent evaluation by a third author (Y.K.).
Quality assessment of evidence was graded using the
GRADE system that provides a systematic approach for
each outcome across studies [23]. The GRADE system
has four levels for the evidence: very low, low, moderate,
and high. GRADE scores were reduced by risk of bias,
imprecision, inconsistency, indirectness, and publication
bias. Publication bias was visually assessed by evaluating
the funnel plots [24].

Outcomes

The primary outcome of interest was 28-day mortal-
ity. Secondary outcomes were target attainment defined
in each study at day 1 and 3, clinical cure (resolution of
infection signs and symptoms, no clinical failure, or as
based on definition in each study), hospital mortality,
and length of stay in the ICU. If TDM was simultaneously
performed for multiple antibiotics, outcomes including
target attainment were analyzed separately for each anti-
biotic. We also performed the analysis by the subgroup
for the class of antibiotics when there was more than one
study.

Statistical analysis

Extracted data were collected and statistically ana-
lyzed using RevMan ver 5.4.1 (The Nordic Cochrane
Centre, The Cochrane Collaboration, Copenhagen,
Denmark). Risk ratios (RRs) and corresponding 95%
confidence intervals (ClIs) were determined using a
random-effects model with weights calculated using
the Mantel-Haenszel method [25]. For continuous val-
ues, mean difference and 95% CIs were calculated using
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inverse variance-weighted method. Heterogeneity of
the included studies was assessed using the estimated
Cochrane Chi-square test, Tau?, and I statistic, in which
P >70% indicated severe heterogeneity. To calculate point
estimates, when the mean and median were different, the
mean was considered the same as the median, and the
standard deviation (SD) was integrated by dividing the
interquartile (IQR) by 1.35 (https://handbook-5-1.cochr
ane.org/chapter_7/7_7_3_5_mediansand_interquartile_
ranges.htm).

A two-tailed P<0.05 for hypothesis and<0.1 for het-
erogeneity testing was considered statistically significant.

Results

We identified 863 records from searching the three
electronic databases. Of these, 769 publications were
screened, and 8 studies were retrieved for full text review.
Finally, 5 RCTs were included in our meta-analysis (par-
ticipants, n=1011; TDM group, n=510; standard dosing
group, n=501) [26-30] (Fig. 1, Table 1). Four of the stud-
ies were conducted in Europe, three were published in
2022; four included beta-lactam antibiotics, two included
quinolones, one included aminoglycoside, and one
included vancomycin. There were no conflicts of interest
reported in any of the studies. The PK/PD targets in the
intervention groups differed across the studies. For beta-
lactam, the target concentration was set at>4xMIC in
three studies [27-29] and > 1 X MIC in one study [30], and
the dosing was designed to achieve 100% fT >4 xMIC
or 100% fT >MIC, respectively. In these protocol, 100%
fT>4xMIC means that the free drug concentration
exceeds four times the MIC at 100% of the dosing inter-
val. For aminoglycoside, peak and trough concentrations
were used as the target, whereas area under the curve/
minimum inhibitory concentration (AUC/MIC) was
used for vancomycin and quinolones. TDM was not per-
formed simultaneously for multiple antibiotics in any of
the identified studies or in those found on the Clinical-
Trials.gov and World Health Organization International
Clinical Trial Registry Platform.

Primary outcome

All five studies had 28-day mortality data available. Of
the 1011 patients, 26.9% (137 of 510 patients) in the
TDM group and 28.3% (142 of 501 patients) in the con-
trol group died within 28 days of randomization (Fig. 2,
Table 2). The RR was 0.94 (95% CI, 0.77-1.14). Heteroge-
neity was not observed for the primary outcome (7= 0%,
X’=2.52, P=0.64).

Secondary outcomes
In the meta-analysis of included RCTs, the pooled RRs
in TDM group were 1.14 (95% CI, 0.88—-1.48) for target
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Identification of studies via databases and registers

Studies included in review
(n=15)

Fig. 1 Flow diagram of the study selection

attainment at day 1, 1.35 (95% CI, 0.90-2.03) for target
attainment at day 3, 1.23 (95% CI, 0.91-1.67) for clini-
cal cure, and 0.96 (95% CI: 0.76-1.20) for in-hospital
mortality. Severe heterogeneity was observed in tar-
get attainment at day 1 (I>=74%, y*=11.54, P=0.009)
and day 3 (I>=77%, xX>*=8.71, P=0.01) (Fig. 2, Table 2).
In the meta-analysis of RCTs for length of stay in the
ICU, mean difference in the TDM group was 0 day
(95% CI, — 2.18-2.19), and severe heterogeneity was

)
Records removed before
s screening:
= Records identified from*: Duplicate records removed
o MEDLINE (n =719) > (n=94)
= CENTRAL (n = 138) Records marked as ineligible
o Igaku-Chuo-Zasshi (n = 6) by automation tools (n = 0)
2 Records removed for other
reasons (n = 0)
v Records excluded due to:
) Wrong study design (n = 483)
Records screened > \1/\%))”9 publication type (n =
(n=769) Wrong population (n = 79)
Wrong drug (n = 25)
v Wrong outcome (n = 4)
Reports sought for retrieval »| Reports not retrieved
2 (n=8) (n=0)
s
']
g
A \4
Reports assessed for eligibilit
(n=8) IOy —»| Reports excluded:
Conference minutes (n = 1)
Not RCT (n=1)
Wrong population (n = 1)
—

observed (I*=72%, x*=7.07, P=0.03). Regarding
safety outcomes, Bartal’s study reported nephrotoxicity
in 2 patients (4.7%) in the TDM group and 8 patients
(21.1%) in the control group, while Hagel reported
adverse events in 20 patients (15.7%) in the TDM group
and 27 patients (21.3%) in the control group. However,
no meta-analysis was performed since there were no
safety outcome that could be integrated between these
two studies.
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A. 28-day mortality

(2023) 11:48

TDM Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI
Bartal 2003 12 43 8 38 6.4% 1.33[0.61, 2.89] 2003 B
Waele 2014 3 21 5 20 2.3% 0.57[0.16, 2.08] 2014 —
Ewoldt 2022 50 189 49 199 34.0% 1.07 [0.76, 1.51] 2022 -
Hagel 2022 27 125 32 124 19.6% 0.84[0.53, 1.31] 2022 =
Roggeveen 2022 45 132 48 120 37.7% 0.85[0.62, 1.18] 2022
Total (95% CI) 510 501 100.0% 0.94 [0.77, 1.14]
Total events 137 142
Heterogeneity: Tau? = 0.00; Chi? = 2.52, df = 4 (P = 0.64); I = 0% [ # 1 + J
) 0.01 0.1 1 10 100
Test for overall effect: Z = 0.65 (P = 0.52) Favours [TDM] Favours [control]
B. Hospital mortality
TDM Control Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI
Waele 2014 3 21 5 20 3.1% 0.57[0.16, 2.08] 2014
Ewoldt 2022 53 189 51 199 48.0% 1.09[0.79, 1.52] 2022
Roggeveen 2022 45 132 47 120 48.9% 0.87[0.63, 1.21] 2022
Total (95% CI) 342 339 100.0% 0.96 [0.76, 1.20]
Total events 101 103
Heterogeneity: Tau? = 0.00; Chi? = 1.57, df = 2 (P = 0.46); I> = 0% k t T t J
i 0.01 0.1 1 10 100
Test for overall effect: Z = 0.36 (P = 0.72) Favours [TDM] Favours [control]
C. ICU length of stay
TDM Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Ewoldt 2022 10 11.1 189 8 11.9 199 30.8% 2.00 [-0.29, 4.29] 2022 T
Hagel 2022 9 81 125 11 7.4 124 34.2% -2.00[-3.93, -0.07] 2022 —
Roggeveen 2022 3.8 7.5 132 3.6 7.4 120 35.0% 0.20 [-1.64, 2.04] 2022 —
Total (95% CI) 446 443 100.0% 0.00 [-2.18, 2.19] ’
Heterogeneity: Tau? = 2.66; Chi> = 7.07, df = 2 (P = 0.03); I = 72% %_10 _#5 t + 10%
Test for overall effect: Z = 0.00 (P = 1.00) Favours [TDM] Favours [control]
D. Clinical cure
TDM Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% ClI Year M-H, Random, 95% CI
Bartal 2003 32 43 26 38 40.4% 1.09 [0.82, 1.44] 2003
Waele 2014 19 21 16 20 42.3% 1.13[0.87, 1.47] 2014
Hagel 2022 21 59 12 69 17.3% 2.05[1.10, 3.80] 2022 —
Total (95% CI) 123 127 100.0% 1.23 [0.91, 1.67]
Total events 72 54
Heterogeneity: Tau? = 0.04; Chi® = 4.63, df = 2 (P = 0.10); I> = 57% [ t T + J
. 0.01 0.1 1 10 100
Test for overall effect: Z = 1.35 (P = 0.18) Favours [control] Favours [TDM]
E. Target attainment in day 1
TDM Control Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI
Waele 2014 14 21 14 20 19.0% 0.95[0.63, 1.44] 2014
Ewoldt 2022 105 189 120 197 32.0% 0.91[0.77, 1.08] 2022
Hagel 2022 41 121 23 121 17.9% 1.78 [1.14, 2.78] 2022 —
Roggeveen 2022 90 115 57 91 31.1% 1.25 [1.04, 1.50] 2022
Total (95% CI) 446 429 100.0% 1.14 [0.88, 1.48]
Total events 250 214
Heterogeneity: Tau? = 0.05; Chi? = 11.54, df = 3 (P = 0.009); I = 74% [ t } } J
) 0.01 0.1 1 10 100
Test for overall effect: Z = 1.01 (P = 0.31) Favours [control] Favours [TDM]
F. Target attainment at day 3
TDM Control Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI
Waele 2014 18 19 13 19 35.0% 1.38[1.00, 1.91] 2014
Hagel 2022 31 86 15 90 25.1% 2.16 [1.26, 3.72] 2022 —a—
Ewoldt 2022 69 116 64 106 39.9% 0.99 [0.79, 1.22] 2022
Total (95% CI) 221 215 100.0% 1.35 [0.90, 2.03]
Total events 118 92
. 2 _ chiz = _ _ 2 — 770 f y y ,
Heterogeneity: Tau® = 0.10; Chi 8.71,df =2 (P =0.01); | 77% 5ot o1 1 oy o0

Test for overall effect: Z = 1.45 (P = 0.15)

Favours [control] Favours [TDM]
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Fig. 2 Forest plot of TDM and control group comparing 28-day mortality (A), hospital mortality (B), ICU length of stay (C), clinical cure (D), target
attainment in 24 h (E), and target attainment at day 3 (F). C/ confidence interval, df degrees of freedom, M-H Mantel-Haenszel test, IV inverse
variance, AR risk ratio, TDM therapeutic drug monitoring
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Subgroup analysis

Subgroup analysis included several analyzable studies
on beta-lactam antibiotics and meta-analysis was per-
formed. In two studies of 290 patients included for the
analysis of 28-day mortality, there was no significant dif-
ference between two groups (TDM group: 20.5% [30 of
146 patients], control group: 25.7% [37 of 144 patients],
RR: 0.94 [95% CI, 0.77-1.14]) (Additional file 1: Fig.
S2). The pooled RRs in TDM group were 1.25 (95% CI,
0.91-1.73) for target attainment at day 1, 1.67 (95% CI,
0.98-2.85) for target attainment at day 3, and 1.47 (95%
CI, 0.67-3.20) for clinical cure.

Risk of bias assessment

For primary outcome, one RCT was rated as high risk
owing to bias arising from the randomization process
(Fig. 3). In the study by Bartal, patients were allocated to
study groups by the last digit of their national identifica-
tion card number, causing a possible bias at the point of
allocation concealment. Furthermore, two RCTs by Bar-
tal and Waele were rated as high risk owing to deviations
from the intended intervention. This occurred because,
in both studies, the participants or clinicians might have
known what groups patients were assigned to. Further-
more, whether appropriate analyses, such as ITT analy-
ses, were performed to consider allocation effects was
unclear. Consequently, the quality of evidence for pri-
mary outcome was rated as moderate; the grade was low-
ered by one point owing to imprecision of the study (the
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ClIs crossed clinical decision thresholds) (Table 2). The
quality of the evidence for each secondary outcome was
very low to low.

Publication bias

The presence of publication bias was considered for the
primary outcome of included RCT studies as indicated by
the funnel plot (Additional file 1: Fig. S1). It was visually
symmetric, indicating a low possibility of heterogeneity
and reporting bias. However, the number of published
studies was small [24].

Discussion

This systematic review and meta-analysis showed no
significant difference in 28-day mortality between
TDM-based regimens and standard protocols for the
administration of antibiotics in critically ill patients. Sim-
ilarly, target attainment, clinical cure, in-hospital mortal-
ity, and length of stay in the ICU were not associated with
TDM-based regimens.

Previous studies have performed systematic reviews
and meta-analysis evaluating TDM-based regimens of
antibiotics compared to standard protocols for infec-
tious patients. However, these studies were restricted by
limited antibiotic types, inclusion of cohort studies, or
inclusion of non-critically ill patients such as febrile neu-
tropenic patients [31, 32]. In particular, recent systematic
review and meta-analysis, which investigated the clinical
efficacy of beta-lactam antibiotics in critically ill patients,

Risk of bias domains
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included 11 studies despite limiting the type of antibi-
otics, making the analysis broader than our study [18].
However, only four of them were RCTs, and the remain-
ing seven were retrospective observational studies.
Furthermore, two of these retrospective observational
studies were conference abstracts. Two of the RCTs
were included in our study as well, but the other two
were studies since one was unclear whether they clearly
fit the definition of critically ill patients, and another did
not have applicable outcome. Two of the RCTs included
in our study were published after the publication of this
study, resulting in many of the included RCTs being dif-
ferent. To our knowledge, our systematic reviews and
meta-analysis is the first to only include RCTs and criti-
cally ill patients in evaluating the efficacy of TDM in all
antibiotics.

In a systematic review examining the efficacy of TDM-
guided dosing regimens of beta-lactam antibiotics, the
28-day mortality was not significantly different, which
is similar to the results of our study [18]. Factors that
influence the clinical outcomes such as 28-day mortal-
ity include whether drug concentrations in the blood
are within the appropriate range to target the organisms
causing the infection [33, 34]. In these studies, target
attainment was significantly higher in the TDM group;
however, the target was set differently because one study
used continuous infusion of meropenem. Furthermore,
the number of days was not set as a criterion for analy-
sis, and it might pose a potential risk of greater variabil-
ity in the results compared to that with a strictly defined
time point. To avoid these ambiguities, we set up target
attainment in day 1 and day3 as the outcome in our study.
However, there was no difference between the two groups
with respect to target attainments, while it is not so sur-
prising as to day 1 since day 1 is the point at which the
first blood levels are measured, and dose adjustments are
made based on those results. In the individual analysis of
target attainment, Ewoldt’s results for both day 1 and day
3 were inversely oriented toward the other studies. This
study examined the effectiveness of the optimization by
model-informed precision dosing using TDM, and this
study design is slightly different from the usual antibiotic
dosing strategy based on TDM. Therefore, these results
may be one of the reasons for the lack of valid results
in the meta-analysis. The study also used two antibiotic
agents, beta-lactam antibiotics and ciprofloxacin, and
integrated outcomes, but these may not have been signif-
icant in our study. As a result, clinical outcomes such as
28-day mortality and clinical cure may not have differed.

Furthermore, the impact of achieving target attainment
on clinical outcomes has not yet been determined. A
study investigating the achievement of beta-lactam anti-
biotic concentration targets using TDM for critically ill
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patients showed that optimal exposure of unbound beta-
lactams is not achieved in a significant proportion of the
patients. However, failure to achieve PK/PD targets was
not associated with negative clinical outcomes, suggest-
ing that there was a discrepancy between target attain-
ment and clinical outcomes [35]. Conversely, the DALI
study, which examined beta-lactam antibiotic dosing in
critically ill patients and the association between antibi-
otic concentrations and clinical outcome, revealed that
the effect of increasing fT > MIC was more significant in
patients with lower Acute Physiology and Chronic Health
Evaluation II severity score [12]. Therefore, comparisons
between TDM-based regimens and standard protocols
for groups with different severities should be conducted
in future studies.

The targets set for blood concentrations varied among
studies included in the meta-analysis. For quinolo-
nes, glycopeptides, and aminoglycosides, studies com-
monly used AUC/MIC for target attainment, whereas
two different indices, MIC and 4 xMIC, were used for
beta-lactams, depending on the study. These differences
may be one of the sources of variation and heterogene-
ity among studies, although many target attainment
breakpoints are considered to be set by convention or
expert opinion [36]. A study investigating the differ-
ence in efficacy among critically ill patients treated with
meropenem or piperacillin-tazobactam divided the
target attainment into three groups:<100% fI >MIC,
100% fT'>MIC<4xMIC, and 100% fT >4xMIC. This
study showed that 100% fI >MIC was associated with
improved outcome, whereas no significant benefit was
observed in the 100% fT >4 xMIC group [37]. Although
the target of the included studies was different as they
included both MIC and 4 x MIC, the goal of TDM might
not necessarily be to achieve 4xMIC, even in critically
ill patients. Furthermore, owing to the strict criteria of
reaching 4 X MIC, the included studies also showed that
only 33.9% of the TDM group met target attainment on
day 1 in a study by Hagel, and this may have been the
reason why the meta-analysis did not show differences in
target attainment. In addition, other studies did not pre-
sent separate results for beta-lactams; thus, their effects
were unknown. Accordingly, future studies may have to
focus on beta-lactams and set attainable targets or com-
pare the clinical and pharmacological outcomes between
the fT >MIC and fT >4 X MIC targets in continuous and
intermittent infusion setting. Furthermore, a previous
systematic review and meta-analysis evaluating the asso-
ciation between AUC/MIC and clinical outcomes for
vancomycin was inconsistent owing to the lack of stand-
ardized methods and insufficient data, thereby failing to
obtain a positive outcome with AUC/MIC [38]. Even in
our meta-analysis, no individual data were obtained for
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vancomycin and ciprofloxacin using AUC/MIC, and sep-
arate studies are required to investigate TDM-based regi-
men using AUC/MIC.

In summary, our meta-analysis did not find significant
results for any of the outcomes, suggesting that this was
due to inconsistent protocol and outcome settings across
studies rather than a negative effect of TDM-based anti-
biotic regimen. In addition, there were several favorable
results for TDM-based regimen, and no clear harms from
TDM were observed. Therefore, our study does not reject
TDM-based antibiotic strategies, and it is believed that
effective results would be obtained if they are targeted to
optimal clinical cases.

Our study had several limitations. First, because we
limited our inclusion criteria to only RCT studies and
critically ill patients, only five studies were included for
the meta-analysis, which may have resulted in reduced
statistical power. If we detect a significant effect from a
26.9% mortality rate in the TDM and 28.3% in the control
groups, 16,146 samples would be required for each group
(alpha error; 0.05, beta error; 0.80). However, variation in
patient background and inclusion of non-RCTs may ulti-
mately lead to heterogeneity of results and compromise
the certainty of the obtained results. It is necessary to
conduct RCTs on TDM that clearly target sepsis in the
future. Second, some of our study outcomes showed sig-
nificant statistical heterogeneity, which may be caused
by the variation of definitions in each study. Particularly,
Waele defined clinical cure as an improvement of clini-
cal signs, whereas Bartel used a negative culture and nor-
malization of white blood cell counts, and Hagel used no
longer requiring additional antibiotics. In such cases, a
narrower definition may narrow the patient population
and cause difficulties in comparing the same population.
If two studies with high bias risk are excluded, only the
study by Hagel in which clinical cure is strictly defined is
remained, and the RR would show significant difference
(RR, 2.05; 95% CI, 1.10-3.80). Therefore, a clear defini-
tion of outcomes including clinical cure and target attain-
ment must be adequately defined in future studies. Third,
we used only a limited number of search engines for the
literature search in our study. In particular, we did not
use EMBASE, which has the potential to provide more
extensive and systematic search results [added reference].
In the future, it is necessary to plan a search strategy that
includes EMBASE in order to collect more appropriate
literature.

Conclusions

For critically ill patients, TDM-based antibiotic regimens
were not associated with 28-day mortality, in-hospital
mortality, clinical cure, target attainment at day 1 and
day 3, and length of stay in the ICU when compared with
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standard protocols. Further RCTs in which outcomes are
clearly defined, include disease severity, and focus on
sepsis patients are warranted to verify the true efficacy of
TDM.
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