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Abstract
Purpose of Review We provide an overview of antimicrobials that are considered last resort for the treatment of resistant gram-
negative infections in adult critically ill patients. The role in therapy, pharmacodynamic (PD) goals, and pharmacokinetic (PK)
changes in critical illness for aminoglycosides, polymyxins, tigecycline, fosfomycin, and fluoroquinolones are summarized.
Recent Findings Altered PK in septic patients in the intensive care unit (ICU) is observed with many of our agents of last resort.
Based on the available literature, dosage adjustments may be required to optimize PK parameters and meet PD targets for most
effective bacterial killing. Data is limited, studies are conducted in heterogeneous patient populations, and conclusions are
frequently conflicting. Strategic dosing regimens such as high-dose extended interval dosing of aminoglycosides or loading
doses with colistin and polymyxin B are examples of ways to optimize antibiotic PK in critically ill patients. Benefits of these
strategies must be balanced with risks of increased toxicity.
Summary Patients with resistant gram-negative infectionsmay present with septic shock in the ICU. Sepsis can significantly alter
the PK of antibiotics and require dosage adjustments to attain optimal drug levels. An understanding of PK and PD properties of
these agents of last resort will help to maximize therapeutic efficacy while minimizing toxic effects.
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Introduction

We are currently faced with a dilemma of increasing
prevalence of drug resistance to our current antibiotic
armamentarium [1]. Several new agents have recently been
developed to combat multidrug resistant gram-negative
organisms [2–5]. While these agents may overcome
existing mechanisms of resistance, they target older
mechanisms of action. It will take several years before

novel antibiotics are approved and even longer before we
have pharmacokinetic (PK) and pharmacodynamic (PD)
data in complex critically ill populations. Thus, the growth
of our antibiotic armamentarium remains stagnant. In the
setting of limited options to combat increasingly resistant
gram-negative infections, we must identify ways to
optimize available antibiotic options. This can be achieved
through an understanding of PK and PD properties of
available antimicrobials to maximize therapeutic efficacy
while minimizing toxic effects.

Patients with resistant gram-negative infections may pres-
ent with septic shock in the intensive care unit (ICU). Sepsis
can significantly alter the PK of antibiotics and require dosage
adjustments to attain optimal drug levels. For example, vol-
ume of distribution (Vd) is significantly increased for hydro-
philic drugs, so a greater dose is needed to achieve optimal
drug concentrations at the site of infection. In comparison,
lipophilic antibiotics are characterized by a large Vd because
of extensive diffusion through anatomic barriers and tissues.
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Physiologic changes in critical illness are less likely to alter
the Vd and thus Cmax of lipophilic agents [6]. Drug clearance
(CL) through the kidneys can be increased, as in the setting of
augmented renal clearance (ARC) [7], or decreased, as with
acute kidney injury (AKI) [8]. Additionally, serum albumin
levels decrease in critical illness, which leads to decreased
protein binding and increased free levels for highly protein
bound antibiotics. This impacts other PK parameters such as
metabolism and elimination [9]. Patients in the ICU frequently
require organ support in the form of renal replacement therapy
(RRT) through intermittent hemodialysis (iHD) or continuous
renal replacement therapy (CRRT), or cardiac and pulmonary
support through extracorporeal membrane oxygenation
(ECMO). Drugs that are cleared through iHD or CRRT in-
clude those with small molecular weight, low protein binding,
and hydrophilic in nature [10•]. Conversely, drugs that are
likely to be removed or bind to the ECMO circuit include
those that are highly protein bound and lipophilic in nature
[11].

The purpose of this report is to provide an overview of
antimicrobials that are considered last resort for the treatment
of resistant gram-negative infections in adult critically ill pa-
tients. We review the role in therapy, PD goals, and PK chang-
es in critical illness for aminoglycosides, polymyxins, tigecyc-
line, fosfomycin, and fluoroquinolones.

Aminoglycosides

Role in Therapy

Recent Surviving Sepsis Campaign (SSC) international guide-
lines for management of sepsis and septic shock suggest ami-
noglycosides as an adjunct to extended spectrum β-lactam
antibiotics for patients with severe infections associated with
respiratory failure and septic shock [12]. Gentamicin,
tobramycin, and amikacin are the most frequently prescribed
aminoglycosides [13].

Pharmacokinetics and Pharmacodynamics

Aminoglycosides are small molecules with high hydrophilic-
ity and poor plasma binding. As with other hydrophilic drugs,
aminoglycosides undergo changes in Vd in patients with sep-
sis, due to alterations in microvascular permeability and ab-
normalities of extracellular body water. Early gentamicin Vd

in sepsis is estimated at 0.43 L/kg compared to 0.29 L/kg by
the seventh day of therapy when sepsis resolves [14].
Therapeutic drug monitoring (TDM) is required to avoid in-
appropriate dosing. Creatinine clearance (CrCL) is the most
useful predictor of aminoglycoside CL [15]. Critically ill pa-
tients with AKI will have decreased aminoglycoside CL,
whereas patients with ARC will have increased CL [16].

The pharmacodynamic goal for aminoglycosides is sum-
marized in Table 1 [17–20]. Aminoglycosides also exhibit a
post-antibiotic effect that suppresses regrowth of microorgan-
isms even when drug concentrations fall below the minimum
inhibitory concentration (MIC). Undetectable levels for too
prolonged a period of time may permit regrowth of the organ-
ism and lead to clinical failures [21, 22].

Dosing Strategies

The 2016 SSC guidelines suggest extended interval dosing
(EID) with 5–7 mg/kg/day of gentamicin or equivalent regi-
men with another agent to maximize efficacy and minimize
nephrotoxicity. The guidelines recommend this dosing strate-
gy for all patients given comparable efficacy and decreased
toxicity compared with multiple daily dosing strategies, ex-
cept patients with severe renal dysfunction who would not be
expected to clear the drug for several days [12]. European
aminoglycoside guidelines recommend gentamicin or
tobramycin 3–8 mg/kg/day and amikacin 15–30 mg/kg/day
based on severity of infection and patient factors for ≤ 5 days
to minimize toxicity. They suggest a target Cmax and trough
(Cmin) of 30–40 mg/L and < 0.5 mg/L for gentamicin/
tobramycin and 60–80 mg/L and < 2.5 mg/L for amikacin,
respectively. Higher doses are recommended at the onset of
treatment, when risk of increased Vd is greatest [23]. Of note,
a significant reduction in risk of nephrotoxicity has been
observed by limiting treatment to ≤ 9 days [24].

Several studies have demonstrated suboptimal aminogly-
coside Cmax in the early phase of therapy in critically ill pa-
tients when following dosing guidelines [25–27]. In a study
that reported 24% attainment of Cmax goal for amikacin (>
60 mg/L) and 4% attainment of goal for gentamicin (> 30 mg/
L), the authors suggested higher dosing in critically ill patients
(30 mg/kg amikacin and 8 mg/kg gentamicin) [28]. A follow-
up study using the higher recommendations and adjusted body
weights for dosing reported 77% attainment of target amikacin
Cmax and 6% target attainment for gentamicin [29•]. One ICU-
based study aimed for lower amikacin Cmax (> 45 mg/L) and
showed clinical success (clinical response 94%, bacteriologic
response 86%) and no nephrotoxicity. The authors speculated
that therapeutic effect was observed because of synergy be-
tween aminoglycosides and β-lactam antibiotics [30]. Further
work is needed to determine an optimal dosing strategy to
maximize effectiveness with aminoglycosides for gram-
negative infections in critically ill patients.

Special Considerations

Patients with AKI requiring iHD may have more rapid CL of
aminoglycosides compared to patients with chronic kidney
disease requiring iHD [31]. Aminoglycoside CL through
iHD is approximately 50%. A lower CL is expected if iHD
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duration is < 2 h, blood flow is < 200 mL/min, ultrafiltration is
only done with no hemodialysis, a less permeable dialyzer is
used, or if the patient is fluid overloaded [31–33].
Redistribution in tissue and plasma occurs immediately after
iHD which results in rebound plasma concentrations by about
20% [31].

Amikacin 10 mg/kg has been suggested for dosing in
CRRT [34].Taccone et al. studied 25 mg/kg amikacin in 13
septic patients on continuous veno-venous hemodiafiltration
(CVVHDF) and found that 69% of patients reached target
Cmax (> 64 mg/L), but only 23% met the goal Cmin (< 5 mg/
L). The investigators calculated that a median of 34 h was
needed to reach target Cmin. While 25 mg/kg would need to
be dosed less frequently to avoid accumulation, 10 mg/kg
would have led to significant under dosing based on peak
goals [35].

Aminoglycoside CL during ECMO was studied using
amikacin 25 mg/kg based on total body weight. No sig-
nificant difference was found in Cmax (71.7 mg/L ECMO
patients, 68.4 mg/L non-ECMO patients). The proportion
of Cmax within goal (60–80 mg/L) was also not signifi-
cantly different (50% for ECMO patients, 60% for non-
ECMO patients) [36•].

Practical Recommendations

Based on the available evidence, we recommend amikacin
30 mg/kg and tobramycin or gentamicin 8 mg/kg. For
amikacin, we suggest targeting a goal peak of 60–80 mg/L
and redosing when Cmin is < 2.5 mg/L. For gentamicin and
tobramycin, we suggest a goal peak of 30–40 mg/L and
redosing when Cmin is < 0.5 mg/L. Aminoglycoside therapy
should be discontinued once cultures and sensitivities allow. If
it is clinically necessary to continue aminoglycoside therapy
beyond an empiric course, we suggest a duration of therapy ≤
9 days. Aminoglycoside peak goals should be optimized once
the microorganism sensitivity data is available to achieve 8 to
10× ≥MIC. In patients on RRT, it may be reasonable to con-
sider extended interval dosing to achieve goal peaks with
doses administered less frequently given expected slower
CL. Based on currently available literature on PK in ECMO,
no adjustments are recommended.

Polymyxins

Role in Therapy

Polymyxin antibiotics are hydrophilic antibiotics that were
first used clinically in the late 1950s then fell out of favor
due to nephrotoxicity. Polymyxin use has recently increased
in the treatment of resistant gram-negative organisms [37, 38].
Currently, there are two systemically available polymyxin
products, colistin and polymyxin B. Colistin is administered
as a pro-drug, colistimethate sodium (also called colistin
methanesulfonate), which is hydrolyzed in vivo to colistin
(polymyxin E1 and polymyxin E2). Polymyxin B is adminis-
tered as the active drug.

Pharmacokinetics and Pharmacodynamics

Since colistin and polymyxin B are older antimicrobials, there
is a paucity of PK data in ICU patients. In healthy individuals,
colistimethate sodium and colistin pharmacokinetic parame-
ters are as follows: CL 148 and 48.7 mL/min; and Vd 14 and
12.4 L, respectively [37]. Colistimethate sodium is excreted
unchanged (70%) by the kidney, whereas renal excretion of
colistin is minimal [37]. Polymyxin B Cmax in critically ill
patients has been reported as 2.38–13.9 mg/L, Vd 0.14–
0.33 L/kg, and CL 0.46–0.504 mL/min/kg. Urinary recovery
of unchanged polymyxin B was < 1 to 4.04% of administered
dose, thus renal CL of polymyxin B is low [39, 40]. Studies
suggest the lack of renal excretion limits the need for dose
adjustment in renal insufficiency.

Inhaled polymyxin therapy has been used in critically
ill patients with hospital- or ventilator-acquired pneumo-
nia. Due to poor penetration into the lung tissue, using an
inhaled therapy may achieve high lung concentrations.
One study showed that inhaled colistin 80 mg every 8 h
for 7 days resulted in epithelial lung concentrations higher
than the MIC for all isolated organisms. However, epithe-
lial lung concentrations at 4 h post-dose were lower than
the MIC breakpoint for Pseudomonas aeruginosa (<
4 mcg/mL), indicating that 80 mg every 8 h may be sub-
optimal for more resistant gram-negative infections [41].
Another study administered colistin 60 mg inhaled once,
followed by 60 mg intravenously (IV) every 8 h. After

Table 1 Pharmacodynamic goals
for antibiotics of last resort for
gram-negative infections

Antibiotic Target Mechanism Comments

Aminoglycosides [17–20] Cmax/ MIC Concentration-dependent Optimal ratio >/= 8–10/1

Polymyxins [38] AUC/MIC Concentration- and time-dependent

Tigecycline [60–63] AUC/MIC Concentration- and time-dependent

Fosfomycin [75] %T >MIC Time-dependent Optimal ratio ≥ 2:1
Fluoroquinolones [98, 99] AUC/MIC Concentration- and time-dependent Optimal ratio ≥ 125:1
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inhalational delivery, the epithelial lung fluid concentra-
tions were higher than systemic concentrations (9.53–
1137 mg/L versus 0.15–0.73 mg/L) [42].

The pharmacodynamic goal for polymyxins is summarized
in Table 1 [38].

Dosing Strategies

In a cohort of critically ill patients, Garonzik and colleagues
described population PK of colistimethate sodium Vd of
15.9 L and a CL of 115.7 mL/min, compared to colistin Vd

of 164.8 L and a CL of 207.1 mL/min. They recommended a 9
million unit loading dose, with subsequent maintenance doses
based on the degree of renal impairment and/or mode of he-
modialysis [43]. Another pharmacokinetic model of
colistimethate described a Vd of 18.2 L and a CL of
110.1 mL/min and colistin Vd and CL was 25.7 L and
94.3 mL/min, respectively [44]. A recent study evaluated the
PK of colistin 2 million units every 8 h (dosing interval ad-
justed for renal dysfunction) in critically ill patients with
gram-negative infections. Wide interpatient variability was
observed at steady state: Cmax 5.4 mcg/mL (1.8–21.8), half-
life (t½) 3.3 (1.2–5.4) hours, CL 1.1 (0.7–1.9) mL/kg/min, and
an AUC/MIC of 26.3 (0.9–64.9) and 3.8 (2.3–10.9), for
Acinetobacter spp. and Pseudomonas spp., respectively. The
authors concluded that the recommended dose may be inade-
quate to achieve optimal concentrations, especially when
treating Pseudomonas spp. with higher MIC [45].
Population PK after a 9 million unit loading dose of
colistimethate followed by 4.5 million units every 12 h in
critically ill patients showed colistimethate Vd 1.42 L and
CL 5.84 L/h and colistin Vd 80.4 L and CL 4.99 L/h. In the
12 patients with a CrCL > 80 mL/min, four patients failed to
achieve plasma concentrations of > 2 mg/L at steady state
despite receiving a loading dose. Depending on the organism
MIC, adequate plasma concentrations may not be attained.
Renal toxicity was reported at 20%, similar to the frequency
seen in previous studies [46•]. One group evaluated the effi-
cacy and safety of colistin protocol of 5 mg/kg of load, with a
maintenance of 7.5 mg/kg/day based on actual body weight
(adjusted body weight if patients were obese), adjusted based
on renal function, and found no benefit in providing loading
doses in terms of clinical outcomes, and no difference in neph-
rotoxicity [47]. Historically, renal injury from both colistin
and polymyxin B has been reported to be 15–25%, depending
on the definition of nephrotoxicity [38]. However, a study that
compared the incidence of renal failure prospectively between
the two drugs found a 4.27-fold higher rate in the
colistimethate sodium group compared to the polymyxin B
group, 38.3% versus 12.7%, (p < 0.001). In the colistimethate
sodium group, loading doses were associated with a higher
risk of renal failure (77.3 versus 23.7%, p < 0.001). Patients
that received a loading dose had significantly lower creatinine

at admission, were older, and had a higher Charlson comor-
bidity index [48].

Special Considerations

Based on PK modeling from a recent study of eight critically
ill patients with AKI on iHD, colistimethate sodium doses
should be 1.5 million units every 12 h on non-iHD days.
Hemodialysis should be administered at the end of the inter-
val, if possible, and a supplemental dose of 1.5 million units
should be given after iHD [49].

In critically ill patients receiving CVVHDF, colistimethate
sodium dosing of 160 mg every 8 h may be inadequate for the
treatment of resistant gram-negative infections [50•].

Sandri and colleagues evaluated the PK of polymyxin B in
2 ICU patients receiving continuous veno-venous hemodialy-
sis (CVVHD). Cmax was reported as 8.62 and 4.38 mg/L, total
CL was 2.17 and 6.66 L/h (0.264 and 0.374 L/h from
CVVHD CL), and Vd was 0.5 and 0.34 L/kg. Based on this
small report, polymyxin B doses may not need to be adjusted
in patients receiving CVVHD.

Practical Recommendations

Given the current evidence, we recommend loading doses of
both colistin and polymyxin B to achieve adequate concentra-
tions. Colistin CL and thus the dosing interval is based on the
degree of renal dysfunction and RRT, whereas polymyxin B
does not need adjustment in patients with renal dysfunction. In
those patients, we recommend polymyxin B dosed on total
bodyweight. Inhaled therapywith colistin is appropriate when
treating patients with pneumonia and will optimize the con-
centrations of the drug in the epithelial lining fluid.

Tigecycline

Role in Therapy

Tigecycline is a lipophilic antibiotic commonly used in com-
bination for the treatment of resistant gram-negative infec-
tions, such as those caused by Acinetobacter spp. Studies in
variable disease states and combinations of therapies have
varying conclusions [51–55]. Recently, a meta-analysis focus-
ing on tigecycline in infections caused by multidrug-resistant
Acinetobacter baumannii showed no differences in all-cause
mortality (OR = 0.87, 95% CI 0.50–1.52; p = 0.63) [56]. In a
subgroup analysis of studies comparing tigecycline-based
combination regimens to colistin-based regimens, mortality
was significantly higher in those treated with tigecycline
(OR = 1.57, 95% CI 1.04–2.35; p = 0.03). In a meta-analysis
of tigecycline for the treatment of carbapenem-resistant
Enterobacteriaceae spp., which included a total of 26 studies,
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overall mortality was reported to be similar between tigecyc-
line and comparator agents (OR = 0.96, 95% CI 0.75–1.22,
p = 0.73) [57]. Mortality was significantly lower, however,
in those patients that received tigecycline in combination as
opposed to monotherapy (OR = 1.83, 95% CI 1.07–3.12, p =
0.18). Data regarding the use of tigecycline in combination for
multidrug-resistant organisms continues to be conflicting,
though use of tigecycline in combination is preferred to tige-
cycline alone [53, 58, 59].

Pharmacokinetics and Pharmacodynamics

Tigecycline is highly protein bound (80%) and has a large Vd

(7 L/kg). It is primarily eliminated through biliary excretion.
Recently, Xie et al. completed a population PK analysis of
tigecycline in 10 critically ill patients with predominately pul-
monary infections (n = 6). Using a two-compartment model,
mean Vd was determined to be 72.49 L and CLwas 7.50 L/h,
with increasing body mass index associated with increased
CL. Loading doses of at least 400 mg and maintenance doses
of 200 mg every 12 h were needed to achieve a target of at
least 17.9 AUC0–24/MIC at an MIC breakpoint of 2 mg/L
[60•].

The pharmacodynamic goal for tigecycline is summarized
in Table 1 [60•, 61•, 62•, 63•].

Dosing Strategies

The association between tigecycline and increased risk of all-
cause mortality has not been completely elucidated and could
be secondary to progression of disease due to suboptimal dos-
ing [64]. A potential avenue to circumvent these issues is to
increase the dose of tigecycline, since PK analyses have dem-
onstrated that higher doses allow for linear increases in antibac-
terial activity [65]. Ramirez et al. completed a randomized
phase II trial in hospital- and ventilator-acquired pneumonia
where patients were randomized 1:1:1 tigecycline 150 mg IV
load then 75 mg every 12 h; tigecycline 200 mg load then
100 mg every 12 h: or imipenem/cilastatin 1 g every 8 h [66].
Clinical response was higher in the 100-mg (85%) than the 75-
mg regimen (69.6%) and imipenem/cilastatin regimen (75%)
(p < 0.05). Difference in adverse events or mortality between
200 and 100 mg tigecycline regimens were not significant.

A 2016 meta-analysis of patients with hospital-acquired
pneumonia demonstrated that higher doses of tigecycline were
shown to be more effective than standard recommended dos-
ing [67]. The authors aggregated results of four trials (1234
patients) that compared tigecycline to other standard of care
agents. Among patients treated with high-dose tigecycline,
clinical cure was higher, RR = 1.48 (95% CI 1.07–2.04), but
there was no difference in mortality (RR = 0.65, 95%CI 0.42–
1.00). Patients in the high-dose tigecycline group experienced
greater incidence of adverse events (RR = 1.5, 95% CI 1.04–

2.15). A systematic review examining both the efficacy and
safety of high-dose tigecycline was completed by Falagas
et al. in 2014 [68]. A total of eight studies were included:
the previously mentioned prospective randomized trial, two
prospective observational cohort studies, two retrospective
observational cohort studies, and three case reports, totally
263 patients. Themajority of high-dose tigecycline cases were
treated with 100 mg every 12 h, and concomitant antibiotics
were frequently employed. Infection types were variable and
58% were critically ill. Mortality in the high-dose tigecycline
group ranged from 8.3 to 26.0% versus 8.0 to 61.0% in pa-
tients that received standard dosing. Higher doses of tigecyc-
line were associated with more adverse drug events, including
increased diarrhea, and nausea and vomiting [69]. The risk of
adverse events versus potential benefit of higher doses of tige-
cycline is an area of clinical debate. These higher dosing reg-
imens may be reserved for last line therapy where no other
options are available, given the limited evidence for use.What
data is available, however, does provide a framework for fu-
ture clinical use.

Practical Recommendations

Tigecycline remains used in clinical practice secondary to its
broad spectrum of activity, including many multidrug-resis-
tant gram-negative organisms. This is in spite of a black box
warning associating tigecycline use with increased all-cause
mortality [70]. To help decrease the risk of clinical failure,
investigators have studied tigecycline use in doses higher than
that recommended by the package insert (100 mg every 12 h)
as well as in combination therapy with numerous other anti-
biotic therapies. We recommend to limit use to combination
therapy and consider higher doses, especially for infections
such as lower respiratory tract infections where tigecycline
has suboptimal PK.

Fosfomycin

Role in Therapy

Fosfomycin was originally available as fosfomycin calcium
for oral use and fosfomycin disodium for IV use [71].
Fosfomycin tromethamine is a hydrophilic salt with improved
bioavailability compared to fosfomycin calcium.While the IV
formulation is not currently available in the USA, it is fre-
quently used for systemic infections in other countries [72].

Pharmacokinetics and Pharmacodynamics

Bioavailability of fosfomycin calcium is 12%, since it is
inactivated by hydrolysis in the acidic gastric environment,
compared to 40% for fosfomycin tromethamine [73, 74].
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Fosfomycin is a hydrophilic drug with a small molecular
weight (138 Da), negligible protein binding (10%), and a Vd

of 0.2–0.4 L/kg [75, 76]. In critically ill patients, Vd can be
increased by up to 50% and Cmax decreased significantly [77].
Fosfomycin is mostly excreted unchanged via kidneys [75],
and dose adjustments are needed for CrCL < 50 mL/min [78].
A population PK study of fosfomycin in mechanically venti-
lated ICU patients with septic shock and respiratory failure
showed that CL in this population compared to healthy pa-
tients was substantially lower (2.06 L/h compared to 7.2 L/h).
The mean Vd of 48.8 L was also higher than that observed in
healthy patients (22.0 L) [79•].

The pharmacodynamic goal for fosfomycin is summarized
in Table 1 [77]. Fosfomycin in combination with other agents
targeted at resistant gram-negative organisms has demonstrat-
ed synergistic effects [80], and to ameliorate nephrotoxicity
from aminoglycosides, glycopeptides, and amphotericin B in
animal models [81–83].

Dosing Strategies

Limited data is available on alternate dosing strategies in ICU
patients in order to optimize PK/PD. AMonte Carlo simulation
of fosfomycin IV in combination with carbapenems for the
treatment of Pseudomonas aeruginosa in critically ill patients
showed that doses as high as 24 g as a prolonged infusion (8 h)
may be necessary to achieve target PK/PD goals [84].

Special Considerations

Given the small molecular weight, minimal protein binding,
and lower Vd of fosfomycin as discussed earlier, we would
expect that drug levels would be significantly affected by di-
alysis. In one report, iHD was shown to decrease fosfomycin
levels by 61–68%, at a rate of 75–116 mL/min [85].

Fosfomycin 8 g IVover 30 min in the setting of continuous
veno-venous hemofiltration (CVVH) resulted in Cmax and Cmin

were similar to serum levels in ICU patients not on RRT and
even healthy volunteers [86–88]. However, a longer mean t½
[88], and higher plasma AUC values were noted [89]. Cmin

exceeded 64 mg/L throughout the entire dosing interval on a
regimen of 8 g fosfomycin IVevery 12 h during CVVH [86].

Practical Recommendations

Based on the available evidence, fosfomycin IV is a reasonable
option in combination therapy for severe systemic infections
with resistant organisms [90•]. We recommend a loading dose
of fosfomycin in critically ill patients, higher maintenance
doses in the first 24–48 h, followed by frequent but lower doses
based on estimated of CrCL using urinary creatinine collection.
Fosfomycin tromethamine could be considered an option for
systemic infections but would require dosing based on

expected bioavailability of 40% and amount of fosfomycin in
the formulation (fosfomycin tromethamine contains 53% active
drug versus 76% active fosfomycin in the IV) [77].

Fluoroquinolones

Role in Therapy

Due to their broad-spectrum activity, fluoroquinolone antibi-
otics have historically been a popular choice for empiric treat-
ment of infections, especially respiratory and urinary tract
infections. However, the overuse of fluoroquinolones and oth-
er broad spectrum antibiotics has led to increasing gram-
negative resistance, namely with Pseudomonas aeruginosa,
Klebsiella pneumonia, Escherichia coli, and Acinetobacter
spp. [91, 92]. Although controversial, some clinicians have
used fluoroquinolones in combination with a β-lactam antibi-
otic in the treatment critically ill patients who may be at risk
for resistant gram-negative infections. This practice may pro-
vide a broader spectrum of activity and add possible synergis-
tic effects [92].

Pharmacokinetics and Pharmacodynamics

Known PK/PD changes in critically ill patients have raised
concerns of altered fluoroquinolone PK, potentially leading
to inadequate dosing in this population [93•, 94]. Since the
fluoroquinolones are lipophilic antibiotics, critical illness
should have little impact on the Vd of the class; however,
changes in elimination can likely occur in this population,
and dose adjustments should be based on the patient’s renal
function [93•, 94•, 95•, 96•]. Many of these studies are limited
by a small sample size, exclusion of RRT, and inclusion of less
critically ill patients.

Szalek et al. evaluated ciprofloxacin PK in 20 critically ill
patients after a 400-mg IV dose. In this population, ciproflox-
acin Vd was 214.8 L and a CL of 39.7 L/h. The Cmax was 4.74
(0.58–7.9) and AUC/MIC was 15.36 (4.8–108.95). In this
population, targeted pharmacodynamics for Cmax (> 10) and
AUC/MIC (> 125) were only found in 33% of patients.
Authors suggested the use of loading doses may be beneficial
to help achieve targeted endpoints [97].

An observational PK study by Roberts et al. compared the
population PK of levofloxacin in critically ill and non-
critically ill patients [93•]. Monte Carlo simulations were per-
formed to determine optimal dosing regimens for these pa-
tients. Patients received either IV levofloxacin 500 or
750 mg every 24 h. There was no significant difference in
the CL between critically ill and non-critically ill patients.
Overall, this study found no significant effect of critical illness
on levofloxacin PK. Based on the Monte Carlo simulations,
only CrCL influenced levofloxacin CL as patients with higher
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CrCL had lower probability of target attainment (PTA). In
general, PTA was suboptimal in this population, even with
every 12 h dosing simulations.

The pharmacodynamic goals of fluoroquinolones are sum-
marized in Table 1 [98, 99].

Dosing Strategies

To our knowledge, no recent studies have evaluated alterna-
tive dosing strategies for fluoroquinolones in critically ill pa-
tients. Based on the limited PK/PD data, fluoroquinolone ther-
apy could potentially be optimized by utilizing loading doses
and larger doses for organisms with a higher MIC [97].
However, this practice needs to be verified in clinical studies.

Special Considerations

A prospective observational study of ciprofloxacin PK in pa-
tients receiving CVVH found that only one patient out of 14
attained target peak concentration (Cmax ≥ 10 mcg/mL) and
57% attained an AUC/MIC > 100 [100]. Roger et al. de-
scribed the effects of varying modes of RRT, specifically
CVVH and CVVHDF, on ciprofloxacin PK [101•]. Mean
ciprofloxacin CL was 11.8 and 10.3 L/h for CVVH and
CVVHDF, respectively. Monte Carlo simulations demonstrat-
ed that patients with increased total bodyweight on CRRT had
a lower PTA and by increasing the dose or frequency results in
increased PTA. These studies suggest that higher doses of
ciprofloxacin (400 mg every 8 h) or TDM should be utilized
for patients receiving CRRT. However, studies in patients re-
ceiving higher doses or TDM are lacking.

Practical Recommendations

While certain patient populations and infections may necessi-
tate fluoroquinolone therapy (e.g., severe penicillin allergy),
in general, the use of fluoroquinolones as empiric therapy in
critically ill patients has fallen out of favor due to a rise in
fluoroquinolone resistance and the increased risk of adverse
events. In addition to QTc prolongation and tendon rupture,
fluoroquinolones have recently been associatedwith the emer-
gence of the fluoroquinolone-resistant Clostridium difficile
and an increased risk of invasive Candida infection [92,
102]. However, if treatment with fluoroquinolones is consid-
ered, local antibiograms should be consulted to guide therapy.
Loading doses may be considered in critically ill patients, and
the patients’ renal function should dictate dosing frequency.

Conclusions

Increasing resistance among gram-negative bacteria has led to
the use of antibiotics of last resort in critically ill patients,

including aminoglycosides, polymyxins, tigecycline,
fosfomycin, and fluoroquinolones. Critical illness alters drug
PK and makes antibiotics particularly susceptible to subopti-
mal target attainment. Strategies to optimize use of these drugs
in ICU patients include alternative dosing regimens to over-
come changes in PK/PD and combination therapy to take
advantage of underlying synergy. More studies are needed in
the critically ill to evaluate optimal dosing in this population to
ultimately improve clinical outcomes.
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