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Physiologic alterations seen in obesity commonly impact the pharmacokinetics (PK) and pharmacody-
namics (PD) of antibiotics and may result in suboptimal dosing in this expanding but understudied
population. Much of the published clinical and PK evidence to date consists of small patient popula-
tions and are retrospective with, not infrequently, heterogeneous results that in some cases are contra-
dictory. In the last 10 years, additional antimicrobial PK/PD and clinical data encompassing prolonged
infusion strategies and examination of critically ill populations have emerged to inform antimicrobial
dosing in obesity. In this narrative review, we critically review literature on dosing, PK, and possible
dosing strategies in obese adults. We searched PubMed, Scopus, and the Cochrane Library using Medi-
cal Subject Headings including anti-infectives, specific antimicrobial names, obese, pharmacokinetics,
and others. We reviewed articles, cross-referenced select cited references, and when applicable, refer-
enced drug databases and package inserts to develop dosing recommendations. We provide an overall
critical review of the available data regarding PK and dosing issues including dosing recommendations
in both critically ill and noncritically ill patients with significant obesity. We developed dosing recom-
mendations for 34 antimicrobials based on 121 articles of the 2336 identified by the search strategy.
Although 11 of these do not appear to require dose adjustment, obesity-specific dosing guidance is
provided for the remaining 23 antimicrobials. Additional studies are needed to better understand and
resolve discrepant published results regarding the PK of antibiotics to establish optimal dosing strate-
gies in obese adults. Alternative dosing strategies, such as extended infusions, should be considered for
time-dependent antibiotics (e.g., B-lactams) in obese patients to achieve PD targets reliably. Therapeu-
tic drug monitoring across the spectrum of antimicrobials is of increasing importance in this and other
populations to ensure optimized dosing.
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(Pharmacotherapy 2017;37(11):1415-1431) doi: 10.1002/phar.2023

The obesity epidemic has innumerable health
consequences for individuals including an
increased risk of several types of infection.' At
the same time, however, the altered physiology
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of obesity may have significant effects on the
pharmacokinetics (PK) of antimicrobials suffi-
cient to require altered dosing regimens.

Obesity is most often classified using
body mass index (BMI) (Table 1) and total body
weight (TBW) as a percentage of ideal body
weight (IBW).> > But BMI does not scale pro-
portionally to adipose tissue and lean muscle
mass. Alternative size descriptors of body com-
position include lean body weight (LBW),
adjusted body weight (ABW; commonly with
correction factors of 0.3 or 0.4, ABWy5 and
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Table 1. Body Mass Index Classification®

BMI, kg/m* WHO classification

< 18.50 Underweight

18.50-24.99 Normal weight

25.00-29.99 Overweight

30.00-34.99 Obese class 1

35.00-39.99 Obese class II

> 40.00 Obese class 111 (alternative terms: morbidly

obese, extremely obese)
BMI = body mass index; WHO = World Health Organization.

ABW, 4, respectively), IBW, and body surface
area (BSA) (Table 2).2

The volume of distribution (Vd) relates the total
amount of drug in the body to plasma concentra-
tion and is the principal determinant of a loading
dose. Distribution into tissues is influenced by a
drug’s physiochemical characteristics and deter-
mined by drug delivery from blood to tissues,
ability to cross tissue membranes (e.g., perme-
ability, drug molecular size, degree of ionization,
lipid solubility), binding within blood and tis-
sues (f.g., protein binding), and partitioning into
fat.”

In obese patients, increases in Vd are generally
observed as a result of increased adipose and
lean muscle mass." Vd may be overestimated if
based on TBW if the drug does not enter adipose
tissue well (e.g., hydrophilic drugs). Thus in
these cases, ABW may be more appropriate when
calculating a weight-based loading dose. Con-
versely, if absolute Vd is increased, but weight-
normalized Vd (VAd/TBW) is similar between
obese versus nonobese patients, it would suggest
high drug distribution into excess body weight
(mostly adipose tissue) and that TBW is more
appropriate for calculations.”

Factors other than lipophilicity and Vd affect
dosing in obesity (Figure 1). For example, main-
tenance doses are mostly driven by total body
clearance (Cl), which is the sum of the clear-
ances by each of the eliminating organs (primar-
ily the liver and kidneys), and increased organ
mass in obesity may influence Cl.* Increased
renal clearance was attributed to increased kid-
ney mass and renal blood flow in obesity, and it
may affect the elimination rate (k)." > In addi-
tion, Cl estimations are influenced by the defini-
tion of weight used, with weight-normalized Cl
often correlating better with modified body
weights such as LBW instead of TBW.”

Elimination half-life (t;,,) is related to Vd and
Cl through two equations: k = CI/Vd and t;, =
0.693/k.* Because Vd and Cl may be altered to
different extents in obesity, half-life can be pro-
longed or shortened. Furthermore, many of the
factors altered by obesity are also altered in
acute illness and the critically ill (Figure 1).
Although Cl may be decreased in acute kidney
injury, it has also been increased in critically ill
patients with augmented renal clearance defined
as creatinine clearance (Cl..) of 130 ml/minute/
1.73 m” or higher.'

Renal drug dosing is commonly based on the
Cockeroft-Gault equation (using IBW), a surro-
gate of glomerular filtration rate (GFR).! How-
ever, in obese adults, ABW,, may be the most
appropriate and practical dosing weight descrip-
tor. A study of 45 morbidly obese patients found
that fat-free weight (FFW) or LBW in the Cock-
croft-Gault equation resulted in a more unbi-
ased, precise, and accurate estimate of Cl.,
compared with other methods including Cock-
croft-Gault using IBW, TBW, ABW;3;, ABWj4,

Table 2. Equations for Body Weight Descriptors and GFR Estimates™ >

Body weight descriptor
or GFR estimate

Equation

IBW, kg

Male: 50.0 + 2.3 x (number of inches over 5 ft)

Female: 45.5 + 2.3 x (number of inches over 5 ft)

ABW, kg

IBW + C x (TBW — IBW)

where C = either 0.3 or 0.4

LBW or LBWZOOS» kg

Male: 9270 x TBW/6680 + 216 x BMI

Female: 9270 x TBW/8780 + 244 x BMI

FFW, kg

Male: 0.00139 x (height in centimeters)® — 0.0801 x R + 0.187 x TBW + 39.83

Female: 0.00151 x (height in centimeters)>— 0.0344 x R + 0.140 x TBW
— (0.158 x age) + 20.387

R = resistance
MDRD-4, ml/min/1.73 m>
Salazar-Corcoran, ml/min

186 x Scr 't x algefo‘203 x (0.742 if female) x (1.210 if black)
Male: (137 — age) x ([0.285 x TBW] + [12.1 x height in meters]*)/51 X S

Female: (146 — age) x ([0.287 x TBW] + [9.74 x height in meters]*)/60 X S,

ABW = adjusted body weight; FFW = fat-free weight; GFR = glomerular filtration rate; IBW = ideal body weight; LBW = lean body weight;
MDRD-4 = four-parameter Modification of Diet in Renal Disease; S., = serum creatinine; TBW = total body weight.
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Increased Vd

eIncreased excess mass (adipose and lean
tissue) - larger change with lipophilic vs
hydrophilic drugs

*Hypoalbuminemia*
*Sepsis*

*Third spacing, edema*
Fluid resuscitation*

Increased PK Parameters

Decreased Vd
eIncreased renal blood flow
Increased GFR

eIncreased kidney mass

*Augmented renal clearance (ARC)*

NFLD (affects drugs that are substrates of
CYP2E1 and undergo xanthine oxidase or
N-acetyltransferase reactions)

Decreased CL
*Age or obesity-related nephropathy

*Vascular disease, decreased cardiac output,
decreased tissue perfusion

*NFLD (affects drugs that are metabolized by
CYP3A4)

*Renal impairment, AKI, RRT*

Hepatic impairment*
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Figure 1. Changes in antimicrobial pharmacokinetics based on physiologic alterations in noncritically ill and critically ill
obese patients.' *Additional factors as commonly described in a critically ill population. AKI = acute kidney injury;
CL = drug clearance; NFLD = nonalcoholic fatty liver disease; RRT = renal replacement therapy; Vd = volume of

distribution.

Salazar-Corcoran, and four-parameter Modifica-
tion of Diet in Renal Disease equations.® How-
ever, a study of 2065 obese patients showed that
the use of ABWg 4 in the Cockcroft-Gault equa-
tion is the most accurate and least biased way to
calculate Cl., compared with TBW, LBW,
ABW, 5, and IBW.’ Direct measurement of Cl.,
via 24-hour urine collection is more accurate,
and this time-consuming process may be
reserved for use in certain obese subpopulations,
such as critically ill obese patients who show
large errors in Cl., estimates. In addition, the
use of serum creatinine (S..) in the Cockcroft-
Gault equation may be affected by age, sex, or
muscle mass, possibly leading to inaccurate Cl,
and antibiotic renal dosing estimates in obese
patients. Compared with S, cystatin C is a bio-
marker unaffected by these factors and may
more accurately estimate GFR in the obese pop-
ulation but is not readily available for clinical
use at most centers.® °

In this narrative review, current data are
reviewed, and their implications for antibacterial
use in obese individuals including those with
critical ~illness is discussed. Antifungals,

antiretrovirals, antiparasitic, and antituberculosis
agents are excluded. For a review of antifungal
dosing in obesity, interested readers should refer
to a review referenced at the end of this article.'

Methods

We searched PubMed, Scopus, and the
Cochrane Library to identify articles in the Eng-
lish-language literature from 1966 through May
2017, using subject headings containing anti-infec-
tives, specific antimicrobial names, obese, pharma-
cokinetics, and other Medical Subject Headings
(Table S1 describes the search strategies).

Results

We screened 2336 articles including 121 arti-
cles, drug databases, and package inserts to
develop dosing recommendations for 35 antimi-
crobials (Tables 3 and 4). We recommend no
dose adjustments for 11 of the 35 antimicrobials.
Table S2 provides complete references and a
companion summary of critically evaluated stud-
ies. Physiochemical properties and the PK
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profile of select antimicrobials were reviewed
o 15-2
and are summarized in Table S3."%**

Review of Specific Antimicrobial Agents
B-Lactams

Piperacillin/Tazobactam

Among the penicillins, the PK of piperacillin/
tazobactam has been the most extensively stud-
ied in obese patients with critical illness. These
evaluations have generally found that piperacil-
lin Vd is increased in obesity, and some also
report an increase in its clearance.” *° However,
in one report, PK parameters of broad-spectrum
B-lactams did not differ in obesity, although this
study was limited by heterogeneity in patient
populations and the variable use of renal
replacement therapy.” In addition, in a study of
23 critically ill septic patients, piperacillin levels
were highly variable.*

An indirect but important way of evaluating
the effects of obesity on PK is to estimate phar-
macodynamic target attainment (PTA) after
administration in the clinical setting. In a retro-
spective analysis of 919 patients from three
intensive care units (ICUs), obesity itself did not
hinder achievement of adequate piperacillin
PTA, although unbound plasma concentrations
were significantly lower in obese versus nonob-
ese patients, except in simulations using a
pharmacodynamics (PD) target of 100%

>4 x minimum inhibitory concentration
(MIC).>' However, more than half of the
patients received continuous infusions of pipera-
cillin/tazobactam, and PK data were sampled
sparsely.

Estimated PTAs are often inadequate with
intermittent infusion of piperacillin/tazobactam in
obese patients. In 31 obese noncritically ill
patients, simulations of piperacillin/tazobactam
4.5 g every 6 hours intermittent infusion pre-
dicted suboptimal (68-84%) PTA.>° Simulations
using PK data from morbidly obese critically ill
patients predicted only 58-69% PTA.*® Perhaps
Cl,, is more important than BMI in achieving tar-
get piperacillin PD exposure in obese patients,
regardless of whether they are critically ill. Higher
Cl,, better correlated with lower PD achievement
than did BMI in three studies.”” *% >!

High-dose prolonged infusion regimens may
be advantageous in overcoming PD shortcom-
ings while decreasing risks of toxicity. Piperacil-
lin/tazobactam 4.5 g every 8 hours, but not

3.375 g every 8 hours, both administered via
extended infusion, achieved piperacillin PTA
greater than 90% in 14 obese patients from mixed
ICU and medicine ward populations.*® Simula-
tions of continuous infusion of piperacillin/ta-
zobactam 12 g/24 hours in 23 critically ill obese
and nonobese patients showed adequate PTA at a
MIC of 16 and 32 mg/L, but at a MIC of 64 mg/L,
the obese group was unable to achieve adequate
PTA despite increasing to 16 g/24 hours dosing.*
Their simulations showed that if doses were
increased to 20 g/24 hours, 18% of obese patients
would experience potentially toxic (greater than
150 mg/L) concentrations.

Summary

Data suggest that the Vd of piperacillin
and clearance of piperacillin is increased in obese
patients.?>-28. 30. 31 Intermittent infusion of piper-
acillin/tazobactam predicted suboptimal PTA in sev-
eral studies.”® *° In the absence of therapeutic drug
monitoring (TDM), prolonged infusion dosing
strategies may help decrease variability in PD
achievement, especially in critically ill populations
with fluctuating renal function and unpredictable
plasma levels. Although data are lacking, it may be
reasonable to apply these principles to other peni-
cillins with similar PK profiles.

Cephalosporins

Cephalosporins are hydrophilic and often have
high degrees of protein binding, characteristics
that limit their penetration into adipose tissues
including at subcutaneous sites, which may affect
their efficacy for both treatment of skin and soft
tissue infections and surgical prophylaxis. Cefa-
zolin, given as prophylaxis for bariatric surgery,
has shown relatively high (greater than 75%) but
saturable protein binding, good correlation of Vd
with TBW and LBW, and decreased subcutaneous
tissue penetration with increasing body weight
(Table S2). Various studies of 2—4 g cefazolin
administered to obese patients before cesarean
section also found inadequate concentrations in
myometrium and subcutaneous adipose tissue,
despite adequate plasma concentrations in most
patients (Table S2).

Studies of other cephalosporins in surgical
prophylaxis have similarly demonstrated that
adequate plasma levels may not indicate that tis-
sue levels are similarly adequate. Adipose tissue
penetration of cefoxitin in obese patients under-
going abdominal and pelvic surgery was only
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Table 4. Summary of Antibiotic Dosing Adjustments in Obese Patients

Antibiotics

Comments

Ceftaroline, ceftolozane/tazobactam, ceftazidime/
avibactam, doripenem, ertapenem, imipenem,
meropenem, moxifloxacin, linezolid, tedizolid,
dalbavancin, oritavancin, and tigecycline

Gentamicin, tobramycin and amikacin, polymyxin B,
trimethoprim-sulfamethoxazole, and daptomycin

Colistin methanesulfonate

Vancomycin

Telavancin

Amoxicillin, nafcillin, piperacillin/tazobactam, cefazolin,
cephalexin, ceftazidime, cefepime, ciprofloxacin,
levofloxacin, clindamycin

Imipenem/cilastatin

B-lactams

Various antimicrobials (e.g., B-lactams,
fluoroquinolones)

® Do not appear to require dose adjustments based on obe-
sity alone

e Extended infusions may be considered for meropenem
and doripenem in certain scenarios as described in
Table 3

® Consider ABWy 4 as the dosing weight scalar to limit
risks of toxicity

® Consider IBW as the dosing weight scalar to limit risks of
toxicity

® Doses do not appear to scale linearly with body weight;
require decreases in weight-based doses

® Two point measurements (peak and trough) would
increase accuracy of AUC estimates, as would single
levels if using software capable of Bayesian analysis

® May warrant dosing adjustments (e.g., fixed dose and a
dose cap at 1000 mg). These are tentative recommenda-
tions that should be reassessed after completion of an
ongoing phase I trial (NCT02753855)

e Data are inadequate and/or conflicting; dosing in the
upper end of the normal dosing range would be reason-
able in severe and/or deep-seated infections

® No data: increased risk of seizures in renal impairment
and with high doses 4 g/day

e Alternative dosing strategies (e.g., prolonged or continu-
ous infusions) should be considered, particularly in sev-
ere deep-seated infections or for patients with fluctuating
renal function

® The role of TDM of is increasing importance in guiding
antimicrobial dosing in obese, critically ill, and other
special populations

ABW = adjusted body weight; AUC = area under the curve; IBW = ideal body weight; TDM = therapeutic drug monitoring.

22% that of nonobese patients, despite doubling
the dose in the obese group, and did not corre-
spond to a proportional increase in plasma
exposure, described as area under the curve
(AUQ), (AUCy_o = Dose/Vd x k).** In addition
to inadequate tissue concentrations, standard
unadjusted doses in some instances may also fail
to achieve adequate plasma concentrations.

These data are consistent with national guide-
line recommendations to use increased doses of
cephalosporins based on body weight for surgi-
cal prophylaxis and also have potential implica-
tions for their therapeutic use. However, one
retrospective review suggested that increased
doses of cefazolin do not lead to lower surgical
site infection rates.”> Future data will clarify the
clinical impact of weight-based dosing of cepha-
losporins used for surgical prophylaxis.

Ceftazidime and Cefepime

As stated earlier, perioperative prophylaxis
data can inform therapeutic dosing strategies.
Single-dose cefepime in morbidly obese patients
before bariatric surgery yielded an elevated Vd and

Cl. Using this data in simulations, one study found
low PTA with 2 g IV every 12 hour dosing, lead-
ing the authors to recommend 2 g every 8 hour
dosing in morbidly obese patients (Table S2).

Two small sparsely sampled PK studies of cef-
tazidime and cefepime in obese critically ill and
noncritically ill patients showed subtherapeutic
concentrations, elevated Vd, increased Cl, and
suboptimal PTA at the resistant breakpoint
(MIC 16 mg/L or lower) for Pseudomonas aerugi-
nosa with 2 g every 8 hour dosing.”® *° In non-
critically ill obese patients, higher Cl. was a
risk factor for failure.”® In critically ill patients,
the investigators did not detect significant differ-
ences in Vd and Cl between obese and nonobese
patients, probably due to a small sample size
and imbalanced patient groups.*°

Ceftazidime/Avibactam

Ceftazidime/avibactam was successful in treat-
ing two obese patients with Klebsiella pneumo-
niae carbapenemase-producing K. pneumoniae
bacteremia and renal impairment.”* Both
patients had ceftazidime Vd 1.4-2.8 times that
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of the package insert. Avibactam PK was
explored in an early drug development program
and showed significant increases in AUC by up
to 20% and Vd up to 56% in normal/overweight
patients compared with those in obese class III,
although changes are not expected to impact the
concentration-time profile or dosing regimen.>’

Ceftolozane

No dose adjustment for ceftolozane is expected
in obesity based on a population PK meta-analysis
from phase I and II studies that showed increases
in Vd and minimal changes in Cl that did not
result 1n any clinically relevant change in expo-
sure.’® Too few obese patients were included in
phase III studies to draw conclusions on the effec-
tiveness of standard doses in these patients.

Ceftaroline

A phase 1 PK study of ceftaroline 600 mg
every 12 hours showed that while Vd and Cl
were significantly 1ncreased in those with a BMI
higher than 40 mg/m?* Monte Carlo simulations
predicted excellent stasis target exposure (30%
fT > MIC) with MIC of 1 mg/L or lower that
would be adequate concerning most clinical
isolates of Staphylococcus aureus, Streptococcus pneu-
moniae, and non—extended-spectrum Blactamase—
producing Escherichia coli or Klebsiella spp.>” They
concluded that higher doses (e.g., every 8 hours)
may be considered if targeting 50% fT > MIC for
methicillin-resistant  S. aureus (MRSA), but this
warrants further studies. These results are in line
with clinical success reported from retrospective
registry data of ceftaroline 600 mg every 12 hours
dosing in diabetic foot infections or skin and skln
structure infections that included obese patients.*®

Summary

Several studies with cephalosporins used for
surgical prophylaxis have signaled concerns
showing inadequate tissue penetration and sub-
therapeutic levels in obese patients. This finding
may be further exacerbated by high Cl., or high
protein binding. Enhanced exposure may pro-
vide optimized PD for treatment as well as surgi-
cal prophylaxis. For the former, this may be
achieved by use of higher doses, more frequent
dosing, or extended/continuous infusions,
whereas for the latter the only practical
approach is the use of higher doses.

Carbapenems

Ertapenem

In contrast to early PK studies suggesting that
ertapenem may be underdosed in obese patients,
a more recent population PK study showed that
hospitalized patients dosed 1 g every 24 hours
achieved 90% PTA or higher for MICs of 1 mg/L
or lower in plasma but only for MICs of
0.25 mg/L or lower and 0.5 mg/L in subcuta-
neous tissue and peritoneal fluid, respectively
(Table S2). This study then simulated regimens
(using 0.5 g every 12 hours and 1 g/day as a
continuous infusion) and showed better cover-
age at higher MICs.

Clinical studies also indicated that in obese
patients, ertapenem 1 g every 24 hours may be
sufficient for the treatment of moderate to severe
diabetic foot 1nfect10ns and complicated intraab-
dominal infections.*® Cure rates were similar
between obese and nonobese groups, and obesity
was not a risk factor for treatment failure. Peri-
operative ertapenem 1 g in obese patients under-
going abdominal surgeries was also associated
with fewer surgical site infections than compara-
tor antibiotics.*!

Meropenem

Obesity increased meropenem Vd and Cl in
both critically ill and noncritically ill patients,
but these differences did not hinder achievement
of standard PD targets (Table S2). PTA was gen-
erally high (greater than 80%) and similar in
obese and nonobese critically ill patients, and
greater than 90% in other hospitalized popula-
tions at an MIC of 2 mg/L the susceptlblhty
breakpoint for P. aeruginosa. One study
showed high meropenem tissue penetration in
five morbidly obese patients undergoing abdomi-
nal surgery (AUC ratio of 0.943 and 0.721 in
peritoneal and subcutaneous tissue, respectively)
(Table S2).

Altered renal function may impact target attain-
ment in obese individuals. A subset analysis of crit-
ically ill patients showed that obesity did not
impact the probability of achieving therapeutic tar-
gets at an MIC of 2 mg/L when they received con-
tinuous renal replacement therapy (CRRT);
however, obese patients not receiving CRRT were
more likely to miss targets compared with non-
obese patients.*® Prolonged infusion, increasing
age, and Cl., of 100 ml/minute or lower were iden-
tified as factors associated with achieving PD
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targets for meropenem and piperacillin in obese
critically ill patients.*’ Simulations of various mer-
openem regimens up to 2 g every 8 hours given as
prolonged infusions in morbidly obese critically ill
patients showed better PD target attainment and
increased coverage at higher MICs. **

In clinical practice, lower daily doses, given
via continuous infusions, achieved PTA goals in
obese patients. One institution’s experience
using meropenem continuous infusion dosed
750 mg to 5 g/day across Cl.. 10-200 ml/minute
with TDM found that 99.9% and 97.4% of
steady-state values were at least 2 and 4 mg/L,
respectively (Table S2).

Doripenem

Doripenem PK alterations are similar to those
of meropenem and do not affect attainment of
adequate PD targets (40% fI> MIC) at MICs of
2 mg/L or lower, the breakpoint for P. aerugi-
nosa and Enterobacteriaceae (Table S2). Simula-
tions of various extended-infusion regimens in
critically ill patients showed improved PD
attainment if targeting a higher PD end point
(e.g., 100% fT > MIC) or pathogens of higher
MICs.*

Imipenem

No PK data for imipenem in obesity were
identified. High doses of imipenem (1 g every 6
hours) and renal impairment were identified as
risk factors for seizures and should be weighed
carefully when selecting doses.*®

Summary

Overall, dose escalation for carbapenems may
not be warranted based on obesity alone. Pro-
longed infusions of meropenem or doripenem
may be considered for less susceptible patho-
gens, to target higher PD parameters, or in criti-
cally ill patients prone to fluctuating renal
function and variable serum levels. As with
other B-lactams, TDM is increasingly important
in optimizing dosing in special populations.

Aminoglycosides

Gentamicin, Tobramycin, and Amikacin

Gentamicin, tobramycin, and amikacin each
have a Vd of ~0.2-0.3 L/kg that is increased in
obese patients when compared with normal-

weight patients (Table S2). In addition to a
higher total Vd, serum drug concentrations of
gentamicin and tobramycin were also found to
be 21% and 26% higher, respectively, in obese
patients when dosed at 1 mgkg TBW."
Although the total Vd is higher, obese patients
had a lower Vd/TBW. This suggests that adipose
tissue contributed less volume per kilogram than
nonadipose tissue. However, when the Vd was
normalized to IBW, Vd/IBW was significantly
greater in obese patients than normal-weight
patients. These two findings suggest that drug
distribution does occur in adipose tissue but not
to the same degree as in other tissues.

To normalize the Vd of obese patients to one
closer to the normal-weight population, several
studies have suggested correction factors ranging
from 0.38-0.58, with the most commonly cited
factor of 0.40 for the initial aminoglycoside dose
with subsequent adjustments based on TDM
(Table S2). The correction factor of 0.40 is thought
to account for extracellular fluid contained in adi-
pose tissue. The same correction factor has also
been used with obese patients with once/day high-
dose aminoglycosides without reports of treatment
failure or added risk of toxicity.*8

Summary

Aminoglycosides have increased Vd in obese
subjects. Studies suggest that the initial dose of
aminoglycoside for obese patients may be dosed
based on ABW using this formula:
ABW = IBW + 0.4(TBW — IBW). TDM should
be used to guide subsequent dose adjustments.

Fluoroquinolones

Ciprofloxacin

One study showed that Vd and Cl were
significantly increased in 17 healthy obese vol-
unteers compared with mnonobese patients.
Because Vd/kgrgw was significantly lower in
obese versus nonobese patients, the authors con-
cluded there was incomplete drug distribution
into tissues and proposed that ABW be calcu-
lated as IBW + 45% x (TBW — IBW) in obese
patients when estimating Vd. A dose of 800 mg
intravenously (IV) every 12 hours was adminis-
tered to two critically ill patients, one on CRRT,
to target PD targets of AUC/MIC greater than
125 and C,,/MIC greater than 10 for gram-
negative infections and led to a cure without
toxicities (Table S2). Dosing in CRRT was
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further studied in 11 critically ill septic patients:
Monte Carlo simulations showed a decrease in
PTA achievement with increasing body weights
(50, 90, and 140 kg) and inadequate fractional
target attainment (83%) with 400 mg IV every 8
hour dosing in those weighing more than
140 kg.*

Levofloxacin

The PKs of levofloxacin appear unaltered by
obesity, although Cl and AUC results varied
widely in a small study of 15 ambulatory and
hospitalized obese patients.”’® Results from the
largest PK study to date®' suggests that dosing
in morbidly obese patients depends on Cl . pw
to a greater extent than it does on body weight.
Monte Carlo simulations using TDM data from
68 morbidly obese patients (BMI of 40 or
higher) with 394 levels (peaks and troughs) pre-
dicted doses of 750 mg/day for Cl,pw 60—
110 ml/minute and doses exceeding 750 mg/day
for Cl.pw over 110 ml/minute to target an
AUC of 100 for gram-negative infections.”' But
they did not study outcomes or safety data for
this nomogram-based dosing.

Doses exceeding 1000 mg/day have been
rarely reported in the clinical setting. One study
reported a case in which levofloxacin 4 mg/kg
or 750 mg every 12 hours in a 179-kg patient
with a BMI of 56 kg/m* and Cl., 78 ml/minute
achieved clinical cure and no toxicities
(Table S2). This dosing produced double the
AUCy ,4 and greater than double the Vd
reported in healthy nonobese adults dosed
750 mg every 24 hours, which the authors con-
sidered excessive and led them to question
whether dose adjustments are needed in
morbidly obese patients.

Moxifloxacin

PK was not significantly altered by morbid
obesity based on richly sampled PK data in 12
morbidly obese adults undergoing gastric bypass
surgery.”>? Like ciprofloxacin, moxifloxacin Vd
did not correlate well with TBW in morbidly
obese patients.

Summary

Data are insufficient to guide ciprofloxacin
dosing in obese populations, except in septic
patients on CRRT with susceptible pathogens
(e.g., Pseudomonas aeruginosa or Acinetobacter

baumannii) with MICs between 0.5 and 1 mg/L;
those weighing over 90 kg should receive
400 mg IV every 8 hours; those over 140 kg
may not achieve target PD goals. Data suggest
that obese patients with Cl.gw over 60 ml/min-
ute should receive levofloxacin at least 750 mg/
day when targeting gram-negative pathogens.
Most preliminary data so far support no moxi-
floxacin dose adjustment in obesity.

Polymyxins

Colistin

Colistin methanesulfonate is the prodrug of
colistin (polymyxin E). The package insert rec-
ommends use of IBW for dosing in obese
patients.”® Based on population PK studies per-
formed in 214 critically ill patients up to 122 kg
and with varied renal function (some requiring
dialysis), one group developed dosing equations
including a loading dose based on IBW
(Cssavgtarget x 2 x IBW) and = a maintenance
dose Cgsaygtarget x 10(0:0048 x Cla+1.825) based on
weight-independent Cl...>* The only significant
covariate for Vd was body weight; thus it is not
clear that IBW is the most appropriate weight
definition to use in loading dose calculations in
obese patients. A maximum dose of 360 mg was
used based on a perceived threshold for colistin-
associated nephrotoxicity, but this would not be
expected to achieve PTA goals at MICs of 2 mg/L
(the susceptibility breakpoint for P. aeruginosa
and A. baumannii) in patients with Cl.. of 80 ml/
minute or greater.

In a nested case-control study of patients with
BMI of 25 kg/m*> or higher who received IV
colistin methanesulfonate, the nephrotoxicity
incidence was 48% (20/42 patients), with a med-
ian time to onset of 5 days.’® Most cases of
nephrotoxicity were attributed to excessive dos-
ing because 64% were dosed by TBW. A multi-
variate analysis identified a BMI of 31.5 kg/m*
or higher as a risk factor for nephrotoxicity
(odds ratio 3.1; p=0.025); however, this analysis
was limited by unbalanced cohort groups.

Polymyxin B

Polymyxin B is generally dosed using TBW,
but caution should be used when applying this
to obese patients given that PK data in obesity
are limited to one case. In a population PK anal-
ysis of 24 critically ill patients with weights of
41-110 kg and only one 250kg patient (on
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CRRT), Cl and Vd scaled linearly with TBW.>®
However, because Cl scaled slightly better with
TBW 7> (i.e., nonlinear), it was suggested that
TBW is not the appropriate dosing scalar for
weight-based dosing.>” A calculated dose based
on a TBW of 250 kg was expected to overdose
the patient. ABW,4 was suggested as a more
appropriate dosing weight scalar.””

Summary

To limit the risks of nephrotoxicity, colistin
may be dosed using IBW with a limit of
360 mg/day. It may be reasonable to dose poly-
myxin B using ABW 4 in obese patients and to
limit daily doses to 2 million units (200 mg).5 3

Vancomycin

Most studies in obese adults have reported
increased vancomycin Vd and Cl relative to that
in nonobese subjects, strong correlation of Cl.,
with Cl, and variable and conflicting correlation
of Vd with TBW.'* 7%

Increasing BMI was associated with a signifi-
cantly higher proportion of obese patients reach-
ing troughs less than 20 mg/L, even after
controlling for dose, S, and age.°’ Weight-nor-
malized Vd (0.3-0.5 vs 0.7 L/kgrgw) did not
scale proportionally in a comparison of morbidly
obese patients with obese patients, implying that
lower loading doses would be an appropriate
adjustment for patient groups with increasing
BMIs (loading dose = Cp,ax X vd).'* %0 A large
retrospective cohort of 334 patients estimated
that patients with a BMI of 30-39 optimize tar-
get trough attainment with doses of 30 mg/
kgrpw/day.®” Interestingly, they estimated that
those with a BMI of 40 or greater require even
lesser weight-based daily dosing (20-25 mg/
kgrpw/day), which is consistent with findings of
the lack of scaling with increasing BMI.

Use of the dosing strategy recommended by
the 2009 consensus panel (i.e., optional
25-30 mg/kg load followed by ~15 mg/kgrpw
every 8-12 hrs) in the obese population resulted
in excessive trough concentrations (higher than
20 mg/L) in at least 50% of obese patients overall
as well as in 79% of those requiring ICU care.®?
Using a revised obesity dosing protocol (20—
25 mg/kgrgw load followed by 10 mg/kgrpw
every 12 hrs), achievement of initial troughs of
10-20 mg/L numerically improved from 36 to
59% in 148 patients, with a significant improve-
ment seen in the ICU subset (11 to 50%,

p=0.032). In addition, 20% of patients received
greater than 4 g/day (range 4-6 g/day) and did
not experience nephrotoxicity. One group com-
pared allometric dosing (dose = 1200 mg
% [TBW(kg)/80]°”, no loading dose) with con-
sensus guideline dosing and found significant
improvements in the achievement of initial
troughs of 10-20 mg/L from 46 to 73% (p=0.03)
in 74 obese patients.®* A divided-load dosing
protocol in 54 obese patients (1.5-2.5 g) utilized
doses similar to those recommended for normal-
weight patients (85% received 2 g in the initial
12 hrs corresponding to 3—4 g in the initial
24 hrs) and achieved goal troughs of 10-20 mg/
L in 87% within 12 hours.®® It is likely that their
high success rate, however, was related to intense
serum trough sampling because this allowed
finer control of dose adjustments as early as
12 hours into therapy. These reported experi-
ences consistently support nonlinear scaling of
vancomycin dosing in obese populations. The
common practice of substituting TBW with ABW
as the dosing weight in consensus panel dosing
in obese patients is also likely to improve dosing
performance, although assessment of its relative
accuracy has not been published.

It is difficult to assess the adequacy of loading
doses on target trough attainment given its vari-
able use in reported studies in obese patients.
The contribution of cumulative daily doses may
be more important than the loading dose strat-
egy in optimizing initial target troughs. Studies
commonly reported loading doses (if used at all)
of 20-25 mg/kgrpw (no dose cap mentioned
except 3 g in one study), and mean daily doses
of 2-4 g or 20-30 mg/kg/day were most fre-
quently used and commonly associated with
improved target trough attainment (Table S2).

PK alterations may lead to a net decrease in k
(k = CI/Vd, t,,, = 0.693/k).®> This is consistent
with findings that vancomycin elimination
decreased with increasing weights at similar
BSA-normalized Cl., values in morbidly obese
patients.’® A decreased k may increase the likeli-
hood of accumulation if the maintenance dose is
not adjusted carefully. Thus frequent and careful
TDM is especially important in the initial days
of therapy, preferably performed using software
capable of Bayesian analysis.

Bayesian analysis adjusts population PK model
estimates using an individual’'s PK values derived
from measured serum levels, thereby individual-
izing dosing predictions. Evidence indicates that
use of trough concentrations alone is insufficient
for accurate estimates of vancomycin exposure.
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Results from a pilot study in 12 obese patients
recently suggested that use of Bayesian software
tools with peak and trough data provided more
accurate AUC predictions than trough-only
data.®® If Bayesian tools are not available to per-
form dose revisions, use of two point measure-
ments (peaks and troughs) should still be
considered because it improves precision and
lowers the bias of AUC estimates in obese
adults. ' ©7

Summary

A reasonable approach to initial vancomycin
dosing in obese patients would be to reduce the
loading dose (if indicated) to 20-25 mg/kgrpw
and to reduce the starting maintenance dose,
then adjust according to TDM. Software capable
of Bayesian analysis should be used, if available,
and/or peak and trough measurements (using
Sawchuck and Zaske methods)'* because it pro-
vides greater accuracy of AUC-guided dose revi-
sions in obese patients.

Oxazolidinones

Linezolid

Previous data showed subtherapeutic linezolid
levels, increased Cl and Vd, but variable AUC
changes in obese patients compared with nonob-
ese patients (Table S2). PK parameters are fur-
ther altered in obese patients with critical
illness; one study showed that C,,x reduced by
half, CI nearly doubled, t;,, was shorter, and Vd
was similar in comparison with healthy obese
subjects (Table S2).

Alternative dosing strategies have been used
in critically ill obese patients. One study
reported two cases where high-dose linezolid
(600 mg every 8 hrs) still did not achieve PD
targets in this population (Table S2). Such dos-
ing was associated with high rates of thrombocy—
topenia in up to 22.9% in obese populations.’®
Another report showed that two critically ill
obese patients with ventilator-associated pneu-
monia (VAP) given continuous infusions had
significantly better PTA of T > MIC but not
AUC/MIC (the preferred efficacy parameter) at
an MIC of 4 mg/l, and significantly higher
epithelial lining fluid penetration compared with
intermittent infusions (Table S2).

Despite these data, clinical studies have not
found evidence of worse clinical outcomes in
obese patients receiving standard doses of

linezolid. Pooled data from two prospective phase
IV studies compared linezolid (600 mg IV every
12 hrs) with vancomycin in 540 patients with
confirmed MRSA infection who were stratified by
weight into quartiles, including 82 patients with
complicated skin and soft tissue infections
(97-295 kg) and 54 patients with pneumonia
(88-215 kg). % There was no difference in the
rates of clinical success or adverse events among
the quartiles treated with linezolid.

Tedizolid

Clinical data concerning tedizolid in obesity
are limited. Pooled analyses of phase III studies
showed a numerical, but nonsignificant, decrease
in clinical response rates with increasing BMIs.”
No dose adjustments for tedizolid are expected
for obesity based on two analyses showing simi-
lar PK profiles (AUC, Vd, Cl, and C,,,,) in obese
versus nonobese healthy adults and those with
skin and skin structure infections.”® "*

Summary

Oxazolidinones do not appear to require dose
adjustments in obesity. Data are insufficient at
this time to recommend alternative linezolid
dosing strategies (e.g., continuous infusions) in
obese populations but should be studied in
higher degrees of obesity (e.g., above 150 kg),
for the treatment of VAP and those with con-
comitant critical illness.

Daptomycin

The manufacturer recommends the use of
TBW in dosing daptomycin in obese patients
based on 4 mg/kg single-dose PK data showing
that obese subjects had significantly increased
Cmax, AUC, Vd, and Cl compared with matched
nonobese controls, but that these values were
within the range of safety and tolerability
(Table S2). However, when Vd and Cl were nor-
malized for TBW or IBW, these relative increases
diminished, signaling incomplete distribution of
drug into excess body tissues in obese patients.
An ~60% increase was also found in both C, .«
and AUC,4 in morbidly obese patients but non-
statistically significant increases were observed
in Cl and Vd (~12% and 22%, respectlvely)
examining the relationship of Vd to TBW, IBW
and FFW, defining Vd as a function of FFW
yielded nearly identical results when comparing
obese and nonobese subjects. Total Cl between
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the two groups was similar, but morbidly obese
patients had significantly lower Cl/kg compared
with the control group, suggesting that dapto-
mycin Cl in obese patients does not increase
proportionately with increasing body weight.

Monte Carlo simulations of 6 mg/kg dosing
based on ABW, 4 produced AUC values closest
to that of nonobese patients and those seen in
bacteremia and endocarditis clinical trials.”” In a
retrospective analysis of patients with enterococ-
cal and staphylococcal infections, no difference
was reported in outcomes with dosing based on
IBW or TBW, despite adjustment for age, sex,
BMI, infection type, and organism type.”* A
more recent observational study showed that
dosing by ABW provides similar clinical, micro-
biological, and safety outcomes compared with
TBW in obese patients.”

Clinicians should be cognizant of daptomycin’s
dose-dependent musculoskeletal toxicity. A case
series of long-term high-dose daptomycin (mean
dose 8 mg/kgrpw for at least 14 days) described 3
of 61 patients, 2 of whom were morbidly obese
(class III) with musculoskeletal symptoms/cre-
atine phos]]ahokinase (CPK) elevations to over
1000 TU/L.”® In a post hoc analysis, PK modeling
demonstrated that daptomycin C,;, of 24.3 mg/L
or more was associated significantly with an
increased probability of CPK elevation.”” Of
obese patients weighing at least 111 kg, 19.4%
would be expected to reach this C,, threshold
for an increased probability of CPK elevation
compared with 6.5% in those weighing less than
111 kg. When daptomycin was administered as
6 mg/kg/day based on LBW rather than TBW in
simulated patients weighing at least 111 kg, only
7.4% of patients would be expected to have a Cp;,,
of 24.3 mg/L or more. These findings are not
unexpected considering obese patients have
higher daptomycin AUC and C,,,,x exposure com-
pared with normal-weight patients and that its
clearance does not proportionately increase. Clin-
ical experience in the obese population also found
a trend toward increasing rates of CPK elevations
as BMI class increases (BMI class I [3.6%], BMI
class 11 [10.3%], BMI class III [10.5%]; p=0.554),
with therapy discontinuation due to adverse drug
events having occurred in 8 (6.3%) patients
and one developed rhabdomyolysis on day 9 of
therapy.”®

Summary

Obese patients when dosed by TBW experi-
ence higher daptomycin exposure compared

with their nonobese counterparts.”> Given the
relatively wide therapeutic index of daptomycin
and clinical experience of tolerability as well as
data supporting the use of higher daptomycin
doses (up to 10-12 mg/kg) for adequate PK/PD
target attainment, dosing obese patients with
ABW, 4 is reasonable to ensure treatment effi-
cacy while balancing the risk of muscle toxicity.
Close monitoring is required because increasing
BMI class is associated with increased risk of
CPK elevation as well as therapy discontinuation
due to toxicities.

Lipoglycopeptides

Telavancin

The package insert for telavancin recommends
dosing 10 mg/kgrgw every 24 hours for Cl
greater than 50 ml/minute calculated using IBW
with no specific recommendations for obese
patients.”” Combined data from various phase 1,
2, and 3 studies showed that higher daily doses in
obese patients up to 314 kg led to smaller nonlin-
ear increases in AUC and C1.*° An interim analy-
sis of a phase I trial (NCT02753855) in healthy
obese adults showed more uniform PK exposure
using fixed dosing of 500 mg for those weighing
50-74.9 kg, 750 mg for 75-99.9 kg, and
1000 mg for at least 100 kg.®" A 1000-mg maxi-
mum dose should be considered because higher
doses in obese patients may increase the risk of
renal adverse events.”” In a post hoc analysis of
two phase III trials, renal events were 2.8 times
greater in patients with a BMI of 35 k%/m2 or

greater versus a BMI lower than 35 kg/m*.%

Dalbavancin

A population PK analysis of dalbavancin that
included patients up to 320 kg and BSA 4.0 m*
showed that BSA was a significant covariate for
the Vd in the central compartment (linear rela-
tionship), and both BSA and Cl., were significant
covariates of C1.*> The changes in Cl and plasma
concentrations with increasing BSAs or body
weights are considered small and not thought to
impact clinical efficacy. Simulations of concentra-
tions in individuals up to 3 times the normal
weight showed similar concentrations at 24 hours
and only a 33% decrease in AUC>® A phase III
trial in skin and skin structure infection included
approximately a third of study patients with a
BMI higher than 30 kg/m” and reported overall
clinical success of over 80%.%*
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Oritavancin

The PK profile of oritavancin was studied in
patients up to 178 kg and a BMI of 67.4
kg/m?38 8 Oritavancin Cl was significantly
associated with height, but not body weight,
BMI, or BSA. Its Cl is predicted to increase by
only 28% with heights between 55.1 and 78.7
inches, and AUC, 7, is minimally changed.

Summary

A maximum telavancin dose of 1000 mg may
be considered in obese patients. Results of an
ongoing phase I study (NCT 02753855) will
inform us whether further dose adjustments are
indicated in obese patients. Based on limited
data from retrospective registry studies and post
hoc analyses, dose adjustments do not appear to
be necessary for dalbavancin and oritavancin in
obese patients.

Conclusions

Optimal dosing of antimicrobials in obesity
is challenging given the limited amount of
high-level evidence for many agents. Unre-
solved dilemmas in dosing antimicrobials in
obesity include the lack of standardized esti-
mation of Cl., (as a surrogate of GFR) and
the variable use of dosing weights in weight-
based dosing. Inclusion of obese patients in all
phases of the Food and Drug Administration
drug development process is needed to provide
better guidance on dosing in this special popu-
lation.
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