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Abstract
Purpose of Review Beta-lactam antibiotics are commonly prescribed in critically ill patients for a variety of infectious conditions.
Our understanding of how critical illness alters beta-lactam pharmacokinetics/pharmacodynamics (PK/PD) is rapidly evolving.
Recent Findings There is a growing body of literature in adult patients demonstrating that physiological alterations occurring in
critically ill patients may limit our ability to optimally dose beta-lactam antibiotics to reach these PK/PD targets. These alterations
include changes in volume of distribution and renal clearance with multiple, often overlapping causative pathways, including
hypoalbuminemia, renal replacement therapy, and extracorporeal membrane oxygenation. Strategies to overcome these PK
alterations include extended infusions and therapeutic drug monitoring. Combined data has demonstrated a possible survival
benefit associated with extending beta-lactam infusions in critically ill adult patients.
Summary This review highlights research on physiological derangements affecting beta-lactam concentrations and strategies to
optimize beta-lactam PK/PD in critically ill adults.

Keywords Beta-lactams . Critically ill . Pharmacokinetics . Pharmacodynamics . Renal replacement therapy . Extracorporeal
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Introduction

Beta-lactam antibiotics (penicillins, cephalosporins, and car-
bapenems) are routinely used to treat serious infections in
critically ill patients managed in the intensive care unit
(ICU). All beta-lactams exhibit time-dependent bactericidal
activity, which is determined by the free drug concentration
time above the minimum inhibitory concentration (MIC) for
the causative organism (%fT >MIC). The exact target that
results in optimal bacterial killing and best clinical outcomes
varies depending on the beta-lactam, but the generally agreed
upon pharmacodynamic (PD) goals for target attainment in-
clude 50%fT >MIC for piperacillin-tazobactam, 60%fT >
MIC for cephalosporins, and 40%fT >MIC for carbapenems
[1, 2]. In addition to %fT >MIC, maximal bacterial killing

occurs when the free antibiotic concentration is consistently
four to five times above the MIC, though correlation to im-
proved clinical outcomes is inconsistent. Beta-lactam antibi-
otics are hydrophilic molecules and most beta-lactams are
eliminated primarily through the kidneys, making their phar-
macokinetics (PK) highly susceptible to alterations seen in
critical illness. This review will focus on the PK alterations
of beta-lactam antibiotics in critically ill adult patients, includ-
ing specialized patient populations, and dosing strategies to
optimize probability of PK/PD target attainment and clinical
outcomes.

Review of Physiological Changes in Critically
Ill Patients

In critically ill patients, volume of distribution (Vd) is signif-
icantly larger compared to non-critically ill patients due to
aggressive fluid resuscitation and capillary leakage [3–6].
Hydrophilic beta-lactam concentrations are greatly influenced
by the increase in Vd, which may lead to lower concentrations
at the site of infection. In addition to volume changes, critical-
ly ill patients may also develop hypoalbuminemia (< 3.5 g/dL)
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secondary to severe systemic inflammatory response, which
can lead to increased free plasma concentrations [7, 8].
Although only a portion of beta-lactam agents are highly pro-
tein bound (i.e., ceftriaxone), alterations of protein binding
can significantly alter free concentrations of these agents.
Additionally, increases in Vd and increased clearance (Cl)
are seen with hypoalbuminemia, further adding to the alter-
ations discussed above [7, 9, 10]. Critically ill patients can also
develop organ dysfunction, such as renal or hepatic impair-
ment, or improved organ function in the case of augmented
renal clearance [5, 11].

Beta-Lactam PK/PD Considerations in Special
Patient Populations

Augmented Renal Clearance

In the presence of increased cardiac output and fluid resusci-
tation in critically ill patients, there is increased perfusion to
the kidneys resulting in potentially increased clearance of
drugs such as beta-lactams. This phenomenon is referred to
as augmented renal clearance, defined as creatinine clearance
(CrCl) ≥ 130 mL/min/1.73m2. In this setting, drug clearance is
increased, resulting in potential sub-therapeutic drug concen-
trations [11, 13•, 14]. There is evidence supporting the pres-
ence of augmented renal clearance in critically ill patient pop-
ulations leading to worse clinical outcomes [14]. A prospec-
tive, observational study found that overall, 65.1% (38.4–
54.4%) of patients exhibited augmented renal clearance on
at least one occasion during their first 7 days in the ICU
[15•]. Patients with augmented renal clearance were young,
male, had lower sequential organ failure assessment (SOFA)
scores, and mechanically ventilated.

A single-center observation study from Udy et al. explored
the impact of augmented renal clearance on PK/PD target
attainment with intermittent dosing of piperacillin-
tazobactam [13•]. Using nonlinear mixed-effect modeling,
the study found that only 34% of patients achieved
100%fT > MIC using an MIC breakpoint of 16 mg/L.
Patients who failed to achieve 100%fT >MIC had significant-
ly higher drug clearance (r = 0.58, p < 0.01), but no significant
difference in Vd. Only 28.5% of patients exhibiting augment-
ed renal clearance had a cumulative fraction of response at
100%fT >MIC.

Carlier et al. conducted a prospective observational study
of critically ill patients in either medical or surgical ICUs
receiving meropenem 1 g every 8 h or piperacillin/
tazobactam 4.5 g every 6 h [16]. Drug levels were obtained
from 61 patients; 48% did not achieve the PK/PD target of
100%fT >MIC. The authors noted that among these patients,
76% demonstrated augmented renal clearance with median
(IQR) CrCl of 165 (138–208) mL/min. Through multivariable

logistic regression analysis, augmented renal clearance was
independently associated with failure to achieve the desired
PK/PD target of 100%fT >MIC. A PK/PD target of 50%fT >
MIC was also investigated. Among patients with CrCl >
130 mL/min, 37% did not achieve this target. Augmented
renal clearance was again independently associated with in-
ability to reach target based on multivariable logistic regres-
sion. Augmented renal clearance, and its effects on beta-
lactam PK/PD, is still a relatively novel concept and future
studies are needed to assess the outcomes of patients when
receiving beta-lactam antibiotics.

Continuous Renal Replacement Therapy,

Renal impairment results in decreased elimination of beta-
lactam antibiotics, leading to drug accumulation and potential
toxicity. Up to 25% of ICU patients develop acute kidney
injury, of which 70% necessitating continuous renal replace-
ment therapy (CRRT) to remove excess volume and solutes
[17, 18]. Solute removal is achieved through hemofiltration,
hemodialysis, or a combination [19]. In hemodialysis, solute
is removed through diffusion across a concentration depen-
dent gradient. Drugs with small molecular weight, low protein
binding, and small volume of distribution are easily removed.
During hemofiltration, hydrostatic pressure pulls solutes and
water across a semi-permeable membrane. Larger drug mole-
cules are removed compared to hemodialysis. In general, con-
tinuous veno-venous hemodiafiltration (CVVHDF) removes
the most solute, followed by continuous veno-venous hemo-
dialysis (CVVHD), and continuous veno-venous
hemofiltration (CVVH) removing the least amount of solute.
It is thus imperative that clinicians are aware of the various
renal replacement methods employed in their ICUs [20, 21].

Beta-lactam dosing in CRRTcan be challenging, as the use
of extracorporeal circuits and different modalities may alter
PK in an additive manner to the already altered PK of critical
illness [22, 23]. Alterations in beta-lactam PK are dependent
on the mode and settings of CRRT, filter type, and fluid re-
placement [19]. Flow intensity (effluent flow rate) has been
shown to have the most significant impact on beta-lactam PK,
specifically clearance [24•]. While PK parameters of the more
frequently used beta-lactams have been previously described,
there is limited applicable data guiding dosing in CRRT to
achieve PK/PD targets that optimize outcomes in ICU setting.

Jamal et al. evaluated the effect of CRRT modalities, pre-
dominately CVVH and CVVHDF, on the clearance of com-
monly used antimicrobial agents, including meropenem and
piperacillin-tazobactam from 30 studies [24•]. The analysis of
different PK studies showed that CRRT intensity (determined
by effluent flow rate) increased extracorporeal drug elimina-
tion, while blood flow rate did not correlate with drug clear-
ance overall. These correlations were observed independent of
the CRRT modality. For both meropenem and piperacillin-
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tazobactam, various dosing strategies used by the different
studies achieved 89 and 83% of the PK/PD targets,
respectively.

An additional review by Jamel et al. described dosing strat-
egies that could be applied in patients receiving CRRT to
improve targeted drug concentrations [19]. Ceftazidime and
cefepime when dosed 4 to 8 g/day and 2 to 6 g/day, respec-
tively, consistently resulted in a minimum concentration
(Cmin) above MIC breakpoint of 8 mg/L. Doses of 8 to 16 g/
day of piperacillin-tazobactam exceed a MIC breakpoint of
16 mg/L for various CRRT settings. Meropenem dosed 2–
3 g/day resulted in Cmin above 2 mg/L. Higher doses of these
drugs would be necessary for organisms that are more resis-
tant; however, this may lead to adverse effects. To avoid tox-
icity and to improve PK/PD target attainment, alternative dos-
ing strategies could be considered, such as increasing infusion
time or therapeutic drug monitoring.

More recent prospective, randomized controlled studies
have evaluated PK/PD target attainment of meropenem and
piperacillin-tazobactam continuous infusion (CI) versus inter-
mittent bolus dosing in critically ill patients receiving CVVH
[25]. Intermittent bolus dosing of meropenem (loading dose
2 g followed by 1 g every 8 h) resulted in 100%fT > 4 ×MIC
at a MIC breakpoint of 2 mg/L, however CI dosing (loading
dose of 1 g followed by CI) resulted in 100%fT > 10 ×MIC.
Eighty-eight percent of patients receiving piperacillin-
tazobactam CI (2.25 g loading dose followed by CI) achieved
100%fT > 4 ×MIC at a MIC breakpoint of 16 mg/L. Only
62.5% of the intermittent bolus dosing patients (4.5 g loading
dose followed by 2.25 g every 6 h) achieved 50%fT > 4 ×
MIC. While emerging studies are beginning to compare PK/
PD between different CRRT modalities, an evaluation of pa-
tient clinical outcomes are still needed to determine the best
dosing strategies for critically ill patients requiring CRRT
[23].

Obesity

Limited data exist to guide antibiotic dosing in obese and
morbidly obese patients, even less so for obese critically ill
patients [26]. Alobaid et al. provide a detailed examination of
the effects of obesity and critical illness on antimicrobial phar-
macokinetics that is beyond the scope of this review [27].

Hites et al. performed a case-control study of therapeutic
target attainment in adult obese versus non-obese critically ill
patients receiving beta-lactam antibiotics [28]. Drug concen-
tration for beta-lactams were obtained as part of routine care in
the participating ICU. Obese patients (BMI ≥ 30 kg/m2) re-
ceiving cefepime, piperacillin-tazobactam, or meropenem
were matched to non-obese patients (BMI ≤ 25 kg/m2) ac-
cording to the following covariates: antibiotic received, renal
function (i.e. CRRT), SOFA score, sex, and age. A total of 49
obese patients were matched to 59 non-obese patients.

Adequate therapeutic levels were obtained in 25% (cefepime),
47% (piperacillin-tazobactam), and 49% (meropenem) of pa-
tients. Obese patients receiving meropenem not on CRRT
were significantly more likely to not achieve PK/PD target
of %fT > 4 ×MIC compared to non-obese patients (0% vs
35%, p = 0.02). No differences in target attainment were seen
in patients receiving cefepime or piperacillin-tazobactam. In a
subsequent publication, the authors sought to evaluate target
attainment in obese, non-critically ill patients [29]. Among 56
obese patients (median BMI = 36 kg/m2), augmented renal
clearance was determined to be the predominant cause of
low serum beta-lactam levels. These findings cannot be defi-
nitely extrapolated to obese patients in the ICU, but highlight
the difficulty of determining the independent influence of obe-
sity on beta-lactam PK as multiple overlapping alterations are
likely.

Alobaid et al. retrospectively reviewed 1400 patients from
multiple ICUs across the world in order to compare PK/PD
targets among non-obese versus obese critically ill patients
[30]. The PK/PD targets of interest were 100%fT >MIC and
100%fT > 4 ×MIC. Patients were dosed with either intermit-
tent or continuous infusions of meropenem (n = 481) or
piperacillin-tazobactam (n = 919) according to local prescrib-
ing practices. Piperacillin had lower median (IQR) trough
concentrations among obese versus non-obese patients (29.4
(17.0–58.0) vs 42.0 (21.5–73.5) mg/L, p = 0.001). This was
not the case for patients treated with meropenem (10.3 (4.8–
16.0) vs 11.0 (4.3–18.5) mg/L, p = 0.296). A significantly
lower proportion of obese patients targets of 100%fT > 4 ×
MIC for piperacillin (20.7 vs 30.9%, p = 0.002); otherwise,
there were no significant differences among obese and non-
obese achieving target attainment. Overall, attainment of
100%fT > 4 ×MIC was low (< 65%) regardless of obese ver-
sus non-obese, or meropenem versus piperacillin.

A one-compartment population PK model evaluated the
probability of target attainment (PTA) of 50%fT >MIC with
MIC breakpoint of 16 mg/L using in nine surgical ICU pa-
tients with BMI > 40 kg/m2 [31]. Using Monte Carlo simula-
tions, researchers found 100% PTA using a piperacillin-
tazobactam dose of 4.5 g every 6 h intermittently infused.
Extended infusion regimens did not confer additional advan-
tage and the authors contribute this finding to the long piper-
acillin half-life among studied patients. In a recent prospective
population PK model of piperacillin-tazobactam of critically
ill non-obese, obese, and morbidly obese patients, Monte
Carlo simulations were also performed to determine optimal
dosing regimens [32•]. Thirty-seven patients (non-obese n =
13, obese n = 12, morbidly obese n = 12) were enrolled and
received piperacillin-tazobactam 4 g every 6 h, with the ex-
ception of two patients who received every 12 h dosing fre-
quency. Piperacillin Vd and Cl demonstrated high intra-group
variability, especially amongmorbidly obese patients. PTA for
piperacillin 4 g every 6 h varied by clearance, with PTAs for

Curr Infect Dis Rep (2018) 20: 9 Page 3 of 8 9



non-obese, obese, and morbidly obese being similar only
when Cl was impaired. Overall, increasing BMI was associ-
ated with increased Vd. Extended and continuous infusions
were able to achieve target attainment in all populations up to
an MIC of 8 mg/L.

Although Vd is increased for most antibiotics, including
beta-lactams, clearance is altered through both augmented re-
nal clearance and higher incidence of renal impairment.
Summarizing data for beta-lactam exposure in morbidly obese
patients, especially those that are critically ill, is difficult due
to the variability within this patient population. There is a lack
of PK/PD data in this population and more research is needed.

Extracorporeal Membrane Oxygenation

Due to multi-organ dysfunction, patients may also need addi-
tional oxygenation and circulatory support. Extracorporeal
membrane oxygenation (ECMO) is a form of life support
meant to bypass the cardiopulmonary system in order to aid
in oxygenation, ventilation, and cardiac output [33]. ECMO is
used in the ICU to support patients in pulmonary and/or car-
diac failure and works by providing a mechanical circulatory
system, externally oxygenated, and returned to the body,
through either veno-venous (VV) or veno-atrial (VA) config-
uration depending on whether the goal is respiratory or circu-
latory support, respectively [34, 35•]. ECMO can lead to ei-
ther increased or decreased antibiotic clearance, increased vol-
ume of distribution, alterations in drug protein binding, and
potential sequestration in ECMO circuits. Evidence regarding
how ECMO alters and influences patients’ PK variables is
ongoing.

As previously mentioned, ECMO is a form of mechanical
life support meant to bypass the pulmonary and/or cardiac
systems. There are several PK alterations caused by ECMO
that need to be considered when administering beta-lactam
antibiotics. Although data in adults is scarce, in general, stud-
ies of PK alterations in patients receiving ECMO have dem-
onstrated potential increases in Vd and potential drug seques-
tration, which may necessitate larger doses of beta-lactams to
combat infection [36–38].

There is conflicting evidence surrounding PK alterations
with meropenemwhen patients are on ECMO. In vitro models
have reported alterations related to drug sequestration, in-
creased Vd, and increased Cl [39, 40]. Shekar et al. completed
a matched cohort study and population PK analysis of adults
patients receiving either VV ECMO (n = 6) or VA ECMO
(n = 5) with or without CRRT [41]. Using a two-
compartment model, the investigators performed Monte
Carlo simulations in order to describe the effect of ECMO
on PK parameters, including Cl, Vd, and doses of meropenem
needed to achieve therapeutic target attainment (trough con-
centrations of 2 mg/L for susceptible and 8 mg/L for non-
susceptible organism). Meropenem clearance was

significantly decreased (7.9 ± 5.9 vs 11.7 ± 6.5 L/h, p =
0.18), while the Vd was increased (0.45 ± 0.17 vs 0.41 ±
0.13 L/kg, p = 0.21) in patients on ECMO. Dosing of 1 g
every 8 h was determined to likely achieve target attainment
in susceptible organisms.

A 2015 case control study of patients on beta-lactam anti-
biotics with and without ECMO failed to find significant dif-
ferences in PK parameters [42•]. Adult ICU patients receiving
ECMO were matched 1:1 with adult ICU patients not receiv-
ing ECMO based on the following covariates: beta-lactam
antibiotic, renal function, total body weight, SOFA score,
and age. Forty-one drug levels from 26 ECMO patients were
matched to 41 from non-ECMO patients (meropenem = 27,
piperacillin-tazobactam = 14). Overall, the investigators con-
cluded that there was a low achievement of target attainment
(50%fT > 4–8 × MIC for piperacillin-tazobactam and
40%fT > 4–8 ×MIC, meropenem) in both the ECMO (68%)
and non-ECMO (71%) groups and there were no significant
differences in beta-lactam PK. There were no significant dif-
ferences between ECMO versus non-ECMO patients in Vd
[0.38 (0.27–0.68) vs 0.46 (0.33–0.79) L/kg, p = 0.37] or Cl
[132 (66–200) vs 141 (93–197) mL/min, p = 0.52]. More ev-
idence is needed to determine if ECMO exhibits an indepen-
dent effect on meropenem PK or if the differences seen are the
result of an accumulation of underlying physiological alter-
ations related to critical illness.

Unlike most other beta-lactam antibiotics, ceftriaxone is
highly protein bound, upwards of 95%, which allows for sig-
nificant alterations in PK different from other beta-lactams [9].
An ex vivo study compared ceftriaxone administered through
four ECMO circuits compared to polypropylene control jars
[43]. Mean 24-h drug recovery varied significantly with 80%
ceftriaxone recovery from ECMO circuits versus 102% from
control jars (p = 0.01). The authors concluded that protein bind-
ing influenced drug sequestration more than stability or lipo-
philicity. A 2017 ex vivo model, however, did not find similar
results [44]. In this comparative study, plasma concentrations
for several beta-lactams, including ceftriaxone, were collected
for up to 48 h after administration through five ECMO circuits
and compared to glass or polyvinyl chloride tubing controls.
Concentrations remained similar; with 104%mean drug recov-
ery from circuits versus 94 and 95% from control glass and
tubing, respectively. The authors note that the conflicting re-
sults may be secondary to differences in study design, such as
use of fresh human whole blood with or without albumin.

As evidence increases demonstrating ECMOs potential
contributions to decreasing patient mortality in the ICU,
there is an increasing need to understand the physiological
effects of ECMO. The Analgesic, Sedative and Antibiotic
Pharmacokinetics during Extracorporeal Membrane
Oxygenation (ASAP ECMO) trial is ongoing and will
greatly improve our understanding of ECMOs influence
on beta-lactam PK [45].
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Approaches to Optimizing Beta-Lactam
Therapy in Critically Ill Adults

Due to the physiological derangements detailed above, current
standard dosing of beta-lactam agents may fail to achieve PK/
PD target attainment in critically ill patients. There are two
types of interventions commonly employed to help overcome
these physiological derangements and optimize beta-lactam
PK/PD through extending the %fT >MIC. These interven-
tions include modifying the administration of beta-lactam by
extending the duration of the infusion and/or monitoring beta-
lactam serum levels and adjusting dosage (infusion duration
or frequency of administration) based on these levels.

Extended or Continuous Beta-Lactam Infusion

Beta-lactam PK-PD studies have shown that time free drug
concentration over the MIC is significantly reduced in criti-
cally ill patients, which may lead to poorer outcomes and
increased antimicrobial resistance [46–48]. To optimize bac-
terial killing and improve clinical outcomes, studies have sup-
ported the use of extended infusion (EI) or CI of beta-lactams,
especially for organisms with higher MICs [49•, 50–52].
However, many of these studies are not without limitations,
including small sample sizes, heterogeneous patient popula-
tions, and suboptimal study designs.

Lodise et al. conducted a retrospective cohort study using
Monte Carlo simulations to determine if EI of piperacillin-
tazobactam (3.375 g every 8 h infused over 4 h) results in
superior clinical outcomes in Pseudomonas aeruginosa infec-
tion compared to intermittent bolus dosing (3.375 g every 4 or
6 h) [50]. Patients with an APACHE II scores of ≥ 17 receiv-
ing EI piperacillin-tazobactam had significantly decreased
mortality and length of stay (LOS) compared to patients re-
ceiving intermittent bolus dosing [(14-day mortality 12.2 vs
31.6%; p = 0.04) (LOS 21 (3–98) vs 38 (6–131); p = 0.02)].
However, there was no significant difference in mortality or
LOS in patients with an APACHE II score of < 17.

The Beta-lactam Infusion Group (BLING) trials were pro-
spective, randomized trials to determine the difference be-
tween CI and intermittent dosing of adult patients across
ICUs [53•, 54•]. In the larger BLING II, authors found there
was no significant difference in median ICU-free days [18
[2–12, 13•, 14, 15•, 16–23, 24•] vs 20 [3–12, 13•, 14, 15•,
16–23, 24•]; p = 0.38], 90-day survival [156 (74.3%) vs 158
(72.5%); p = 0.67] or clinical cure [111 (52.4) vs 109 (49.5%);
p = 0.56]. Several limitations of this study include inclusion of
potentially noninfectious patients, inclusion of non-
susceptible pathogens, and participants receiving CRRT. The
Beta-lactam Infusion in Severe Sepsis (BLISS) study was a
prospective, randomized clinical trial to determine if CI beta-
lactams were associated with improved clinical outcomes
compared to intermittent dosing in critically ill patients not

on CRRT [55]. Clinical cure at 14 days after antibiotic cessa-
tion and median ventilator-free days were significantly in-
creased in the CI group [clinical cure 39 (56%) vs. 24
(34%), p = 0.011; ventilator-free days 22 (IQR 0–24) vs 14
(IQR 0–24), p = 0.043]. Additionally more patients receiving
CI achieved PK/PD targets of 50%fT >MIC and 100%fT >
MIC compared to patients receiving intermittent dosing
[50%fT >MIC 55 (97%) vs 37 (70%), p < 0.001; 100%fT >
MIC 55 (97%) vs 36 (68%, p < 0.00 [1]]. There was no sig-
nificant difference in 14-day and 30-day mortality; however,
the study was not powered to determine effect on survival. A
meta-analysis using data from the BLISS and BLING trials
found that hospital mortality was significantly lower (risk ratio
(RR) = 0.74; 95% CI, 0.56–1.00; p = 0.045) and clinical cure
was significantly higher (RR = 1.20; 95% CI, 1.03–1.40; p =
0.021) with CI [56•]. There was no difference between the
groups in ICU-free days at day 28 (RR = 0; 95% CI, 23 to
3; p = 0.90) or ICU mortality (RR = 0.82; 95% CI, 0.58–1.16;
p = 0.26). A separate meta-analysis of CI versus intermittent
infusion beta-lactams found similar results with respect to
patient survival and clinical cure [57•].

Evidence of PK/PD target attainment in patients with aug-
mented renal clearance receiving EI dosing regimens is con-
flicting. Currently, data is lacking in augmented renal clear-
ance patients receiving CI dosing regimens. A doripenem PK/
PD modeling study using Monte Carlo dose simulations in
obese patients and increased CrCl demonstrated that EI regi-
mens increased the likelihood of achieving PK/PD targets
[58]. Seventy to 80% of patients with CrCl of ≥ 100 mL/min
achieved target attainment of 40%fT > MIC at an MIC
breakpoint of 4 mg/L when doripenem was infused over 1 h;
however, when doripenem was infused over 4 h, > 90% of
patients achieved target attainment. Another study assessing
EI meropenem or piperacillin-tazobactam in patients without
renal dysfunction found that the majority of patients manifest-
ing augmented renal clearance failed to achieve PK/PD target
attainment at 100%fT >MIC (76%) and at 50%fT >MIC
(37%) [52].

Based on the available studies, patients who are critically ill
may benefit from either EI or CI dosing regimens, especially if
the MIC of the causative organism is elevated. While several
studies favor the use of EI or CI of beta-lactams in critically ill
patients, more robust data are needed to determine the effect
onmortality and PK/PD targets for optimizing clinical benefit.

Therapeutic Drug Monitoring

Therapeutic drug monitoring (TDM) involves the direct mea-
surement of antibiotic concentrations in the blood to allow
clinicians to tailor dosing to the individual patient. This concept
has been incorporated into standard practice for vancomycin
and aminoglycosides, largely secondary to their narrow thera-
peutic windows and need for avoidance of adverse drug events

Curr Infect Dis Rep (2018) 20: 9 Page 5 of 8 9



[59]. Use of TDM for monitoring and adjusting beta-lactam
agents is primarily targeted toward optimizing PK/PD with
the overall goal of improving efficacy. Currently, TDM is per-
formed inconsistently across different countries and is still in its
infancy with very few ICUs implementing TDM to guide beta-
lactam therapy clinically [60].

The majority of literature supporting TDM with beta-
lactams are small case-series in various patient populations,
for example, burn patients, those on CRRT, and those with
augmented renal clearance [8, 61]. In a 2010 proof-in-concept
study from Roberts et al., TDM was performed twice weekly
in eligible patients receiving any beta-lactamwhile in the ICU.
Doses were adjusted (increased frequency, use of extended or
continuous infusion) if levels failed to achieve the goal of
100%fT > 4–5MIC. Among 236 patients, doses were in-
creased in 50.4% and doses were decreased in 23.7% of pa-
tients. A total of 51 patients had a follow-up TDM levels 2 to
5 days after first level and adjustment; among those patients,
43.1% subsequently met PK/PD targets. The authors
highlighted the inadequacies of traditional beta-lactam dosing
and provided compelling initial evidence for use of TDM in
clinical practice. In 2017, Economou et al. evaluated the utility
of TMD in patients undergoing CRRT and among 76 patients
studied, 35% of beta-lactam dosing regimens were adjusted.
The majority of those changes (24%) were decreases to the
beta-lactam dose [62]. As detailed in a recent TDM practice
survey, PK/PD targets for beta-lactam exposure to optimize
clinical outcomes are unknown, and institutions using TDM
have different target goals [63•].

In 2014, Roberts et al. performed a multicenter point prev-
alence study of over 60 ICUs across multiple countries with
the goal of associating PK targets with clinical outcomes in
critically ill patients [46]. Among the 361 evaluable patients,
78.9% achieved 50%fT >MIC, 60.4% achieved 100%fT >
MIC, and 35% achieved 100%fT> 4 ×MIC. A total of 248
patients were treated for an infection, and 58.1% of these
patients experienced positive clinical outcomes, defined as
completion of treatment course without antibiotic escalation.
Through multivariable regression analysis, 100%fT >MIC
was associated with a 1.56 (95% CI 1.15–2.13) times in-
creased odds of positive clinical outcome. The authors also
highlighted that extending infusions of beta-lactams may not
always succeed in optimizing beta-lactam PK/PD, demon-
strating the complementary nature of these interventions. As
is the case for most large-scale practice changes, clinical ben-
efit will likely need to be demonstrated through a large, ran-
domized control trial.

Conclusions

Critically ill adult patients have altered PK which may de-
crease beta-lactam target attainment of %fT >MIC, leading

to potential suboptimal outcomes. Additional patient factors,
including obesity, augmented renal clearance, CRRT, and
ECMO further alter beta-lactam PK and complicate ability
to obtained desired PK/PD targets. Further confounding our
ability to optimize beta-lactam therapy in critically ill adults is
the heterogeneity of study designs, PK/PD targets, and desired
patient outcomes. To optimize beta-lactam dosing in these
patients, individual patient and organism factors should be
taken into consideration. Increasing infusion time (either EI
or CI) and/or TDM of beta-lactam antibiotics should be con-
sidered in patients who are obese, exhibit augmented renal
clearance, or require CRRT, especially when organisms with
elevated MICs are isolated. Future studies evaluating patient
outcomes, including mortality, are necessary to definitively
determine the effectiveness of dosing strategies discussed in
these populations.
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