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Severe sepsis and septic shock can alter the pharmacokinetics of broad-spectrum -lactams (meropenem, ceftazidime/cefepime,
and piperacillin-tazobactam), resulting in inappropriate serum concentrations. Obesity may further modify the pharmacokinet-
ics of these agents. We reviewed our data on critically ill obese patients (body mass index of =30 kg/m?) treated with a broad-
spectrum [3-lactam in whom therapeutic drug monitoring was performed and compared the data to those obtained in critically
nonobese patients (body mass index of <25 kg/m?) to assess whether there were differences in reaching optimal drug concentra-
tions for the treatment of nosocomial infections. Sixty-eight serum levels were obtained from 49 obese patients. There was con-

siderable variability in 3-lactam serum concentrations (coefficient of variation of 50% to 92% for the three drugs). Standard
drug regimens of [3-lactams resulted in insufficient serum concentrations in 32% of the patients and overdosed concentrations
in 25%. Continuous renal replacement therapy was identified by multivariable analysis as a risk factor for overdosage and a pro-
tective factor for insufficient 3-lactam serum concentrations. The serum drug levels from the obese cohort were well matched
for age, gender, renal function, and sequential organ failure assessment (SOFA) score to 68 serum levels measured in 59 non-
obese patients. The only difference observed between the two cohorts was in the subgroup of patients treated with meropenem
and who were not receiving continuous renal replacement therapy: serum concentrations were lower in the obese cohort. No
differences were observed in pharmacokinetic variables between the two groups. Routine therapeutic drug monitoring of B-lac-

tams should be continued in obese critically ill patients.

he first antibiotic choice in the treatment of severe hospital-

related infections is a broad-spectrum B-lactam. B-Lactam
dosage regimens are based on pharmacokinetic (PK) data ob-
tained in healthy, nonobese volunteers or patients who are not
severely ill. However, PK variables can be altered by sepsis. Vol-
ume of distribution (Vd) may increase due to capillary leak syn-
drome, increased cardiac output, fluid resuscitation, and/or use of
vasopressors. Antibiotic clearance (CL) may also either increase
due to increased glomerular filtration or decrease due to organ
failure (1-3). Obesity could further alter these PK variables: Vd
could be further increased due to increased lean body mass and
increased adipose tissue, and CL could be increased due to in-
creased kidney mass and global filtration or decreased due to
chronic hypertensive or diabetic nephropathy. Administration of
standard drug regimens (SDRs) to obese critically ill patients may
thus potentially result in more frequent inadequate serum drug
concentrations than in nonobese individuals, which may be re-
sponsible for increased treatment failure, toxicity, and/or emer-
gence of bacterial resistance.

Despite increasing numbers of obese patients worldwide, there
is little information on when and how doses of B-lactams should
be adjusted in these patients. A correction formula for weight has
been proposed but never validated (4). In our intensive care unit
(ICU), therapeutic drug monitoring (TDM) of broad-spectrum
B-lactams (ceftazidime or cefepime [CEF], piperacillin-tazobac-
tam [TZP], or meropenem [MEM]) is now routinely performed.
We thus reviewed the serum drug concentrations obtained in crit-
ically ill obese patients and compared them to those obtained in
critically nonobese patients to determine whether there were dif-
ferences in reaching optimal drug concentrations for the treat-
ment of nosocomial infections. We also evaluated whether B-lac-
tam dose adjustment, using a correction formula for weight,
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would have optimized serum drug levels in this cohort of obese
patients.

MATERIALS AND METHODS

Study design and data sources. We reviewed data on obese, critically ill
patients who had received broad-spectrum B-lactams (CEF, TZP, or
MEM) in the 35-bed ICU at Erasme Hospital, an 858-bed university hos-
pital, between 1 October 2009 and 31 December 2011. Routine TDM of
broad-spectrum B-lactams was initiated in our ICU in October 2009.
Patients were included if they had sepsis diagnosed according to standard
criteria (5), had a body mass index (BMI) greater than or equal to 30
kg/ m?, and had been treated with a broad-spectrum B-lactam (CEF, TZP,
or MEM) and if TDM had been performed during antimicrobial therapy.
Patients could be included more than once if a TDM was performed for a
different antibiotic. When multiple TDMs were performed for the same
antibiotic, they were all noted for evaluation.

Antibiotic treatment. The clinician’s choice of antibiotic therapy was
based on local guidelines. Most patients received an SDR, consisting of a
first dose of 2 g for CEF, 4 g for TZP, or 1 g for MEM, followed by doses
adapted to creatinine clearance (CrCl), calculated using the Cockroft-
Gault formula (6). Doses were also adjusted for continuous renal replace-
ment therapy (CRRT) (see Table S1 in the supplemental material). Occa-
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sionally, dosage regimens were increased in obese patients after discussion
between the attending physician and the infectious disease specialist. The
higher dosage regimens either were based on the correction formula for
weight or were greater than this correction formula. The correction for-
mula for weight is as follows: dosing weight = 0.30(actual body weight —
ideal body weight) + ideal body weight (4). Devine’s formula was used to
calculate ideal body weight (7). The new dosage regimens were always
rounded to the closest unitary dose of the antibiotic: 2 g for CEF, 4 g for
TZP, and 1 g for MEM.

CRRT. Standard criteria for initiating CRRT were problematic meta-
bolic acidosis, uncontrolled hyperkalemia (>5.5 mmol/liter), fluid over-
load, drug intoxication, and uremia (blood urea, greater than or equal to
200 mg/dl) (8). When CRRT was used, blood flow rate was fixed between
150 and 200 ml/min, and the minimum ultrafiltrate rate was set at 20
ml/kg/h, associated with a dialysate rate of 10 to 15 ml/kg/h for the first 1
or 2 days of therapy.

Data collection. We recorded demographic data, comorbidities, pri-
mary reason for ICU admission, source of infection, pathogens responsi-
ble for the infection, antibiotic dosage regimen administered, use of
CRRT, intensity of CRRT (calculated ultrafiltrate delivered), number of
days of antibiotic therapy, the day of TDM, and biological data. The acute
physiology and chronic health evaluation II (APACHE II) score (9) was
determined on the day of admission of the patient to the ICU, and the
sequential organ failure assessment (SOFA) score (10) was determined on
the day of TDM.

Serum samples for TDM. Two blood samples (3 ml each) were taken
to assess drug concentrations: one just before the administration of the
next dose of the B-lactam (T0), and the other 2 h (T2) after the onset of the
30-min infusion of the drug. The exact sampling times were recorded.
Samples were kept on ice and sent directly to the clinical chemistry labo-
ratory, where they were centrifuged at 3,000 rpm at 4°C for 10 min before
the supernatant was removed and analyzed. High-performance liquid
chromatography connected to UV spectrophotometry (HPLC-UV) was
used to measure the serum concentrations of B-lactams (11, 25). For
measurements of TZP concentrations, only piperacillin levels were mea-
sured because the PKs of piperacillin and tazobactam are highly correlated
(12, 25). The lower and upper limits of quantification for each 3-lactam
analyzed were 2 and 200 pg/ml, respectively. The coefficient of variation
for repeatability or intermediate precision estimated at six levels of con-
centration for each B-lactam never exceeded 11%.

Pharmacokinetic analyses. A one-compartment model was used to
perform PK analyses because B-lactams have a small Vd and low protein
binding and are essentially excreted by the kidneys. Assuming that the
steady state was reached and considering the exponential elimination of
drugs in one-compartment models, PK variables, such as Vd, total CL,
elimination constant (k,), and elimination half-life (t,,,), could be calcu-
lated from concentrations measured at TO and T2 (11, 12, 25).

Serum concentrations obtained from hypothetical antibiotic dos-
age regimens. On the basis of the serum concentrations measured at TO and
T2 in each patient for a given dose, projected concentrations were calculated
with the following formula: projected concentration = measured concentra-
tion X new dose/given dose. Using the known CL for each patient, the pro-
jected CT for hypothetical new dosage regimens could be calculated.

For all obese patients, based on measured serum concentrations ob-
tained with doses equal to or greater than SDRs, we calculated the con-
centrations that would have been obtained if SDRs and/or increased drug
regimens based on the correction formula for weight had been applied.
We therefore obtained a mixture of measured and projected serum con-
centrations for SDRs and for increased dosage regimens based on the
proposed correction for weight.

Clinical breakpoints, PK, and pharmacodynamic (PD) criteria. For
each TDM, the patient was classified as having an insufficient, an ade-
quate, or an overdosed serum concentration. 3-Lactam therapy was con-
sidered adequate when the serum concentration remained greater than 4
but less than 8 times the target MIC (4 X MIC < T < 8 X MIC, where T is
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the target MIC) during an optimal period of time corresponding to 70%
of the dose interval for CEF, 50% for TZP, and 40% for MEM. The drug
concentration at the end of the optimal period of time (CT) was calcu-
lated. A CT of <4X MIC was defined as an insufficient serum concentra-
tion, and a CT of >8X MIC was defined as an overdose. We used clinical
breakpoints for Pseudomonas aeruginosa, as defined by the European
Committee on Antimicrobial Susceptibility Testing (EUCAST; version
2.0) (13) as our target MICs. The sensitivity thresholds for P. aeruginosa
are =8 pg/ml for CEF, =16 ng/ml for TZP, and =2 pg/ml for MEM.
Adequate CTs were, therefore, 32 to 64 pg/ml for CEF, 64 to 128 g/ml for
TZP, and 8 to 16 pg/ml for MEM.

Risk factors for inadequate serum drug concentrations. We evalu-
ated the adequacy of treatment when SDRs were administered for all
serum drug levels and CTs were obtained. Risk factors for inadequate
(insufficient or overdosed) B-lactam serum concentrations were looked
for. The risk factors considered were weight, BMI, APACHE II score on
admission, early TDM (TDM performed during the first 48 h of antibiotic
therapy), use of vasopressors, serum creatinine levels, specific antibiotic
administered, SOFA score, and CRRT on the day of TDM.

We calculated the interindividual coefficient of variation (CV) of CTs
and the probability of achieving target CT values for other MICs that can
be found in ICU-isolated Gram-negative bacteria. We also calculated the
total daily dose (with a change only in the frequency of drug administra-
tion) that would have been needed in order to attain PD targets. The same
calculations were performed for the subgroups of patients receiving and
not receiving CRRT.

Selection criteria for the control group of nonobese patients. Each
TDM from the cohort of obese patients was matched with one TDM
obtained from a nonobese (BMI less than or equal to 25 kg/m?) criti-
cally ill patient also diagnosed with sepsis in order to account for the
high interpatient and intrapatient variability of B-lactam PKs during
sepsis. We used an institutional database in which all TDMs for B-lac-
tams in the ICU during the study period were recorded. Five criteria
were used to match the TDMs: (i) type of antibiotic (CEF, TZP, or
MEM), (ii) renal function (patients receiving CRRT were matched
with patients receiving CRRT at time of TDM, and patients not receiv-
ing CRRT were matched with patients with the same creatinine clear-
ance based on a 24-h urine collection), (iii) SOFA score, (iv) age, and
(v) gender. In case of a lack of agreement on the five criteria, the type
of antibiotic used and renal function were considered necessary con-
ditions for patient selection.

Comparison between the cohorts of obese patients and nonobese
patients. Antibiotic choice, criteria for treatment with CRRT, data collec-
tion, serum samples for TDM, PK analyses, and calculations for interin-
dividual CV and optimal antibiotic daily dose were performed in the same
way as described for the cohort of obese patients. Patients in the control
group received only SDRs. Because CRRT was identified as an indepen-
dent risk factor for overdose and a protective factor against insufficient
serum concentrations in the obese patient cohort (see Results), the two
cohorts of patients were separated into subgroups of those with CRRT and
those without CRRT, and the same analyses were performed.

Evaluation of 3-lactam dose adjustment based on a correction for-
mula for weight in the obese patient cohort. The adequacy of serum drug
levels to treat “difficult-to treat” pathogens obtained with increased dos-
age regimens based on a correction formula for weight was compared to
adequacy when SDRs were administered to the cohort of obese patients.
The same analysis was performed for the subgroups of obese patients
receiving CRRT and those not receiving CRRT.

Statistical analysis. Statistical analyses were performed using IBM
SPSS Statistics, version 19, for Windows. Descriptive statistics were per-
formed for all study variables. A Kolmogorov-Smirnov test was used to
verify the normality of distribution of continuous variables. Discrete vari-
ables are expressed as counts (and percentages), and continuous variables
are expressed as medians (and ranges). Categorical data were compared
using a chi-square test or Fisher’s exact test, as appropriate. Continuous
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TABLE 1 Demographic, biological, and clinical characteristics of all patients

Value for the cohort

Variable” Obese patients (1 = 49) Nonobese patients (1 = 59) P value®
Age (yr [range]) 59 (24-79) 57 (19-91) 0.326
No. of male/female patients (%) 27 (55)/22 (45) 41 (70)/18 (30) 0.123
Weight (kg [range]) 116 (80-178) 61 (37-80) <0.001
BMI (kg/m? [range]) 40 (30-60) 22 (15-25) <0.001
No. of medical/surgical admissions to ICU (%) 23 (47)/26 (53) 34 (58)/25 (42) 0.268
Comorbidity (no. of patients [%])
COPD 13 (27) 12 (20) 0.448
Cardiomyopathy 23 (47) 23 (39) 0.405
Diabetes 26 (53) 19 (32) 0.029
Chronic renal insufficiency (serum creatinine >2.5 mg/dl) 14 (29) 9 (15) 0.094
Liver cirrhosis 6(12) 7 (12) 0.952
Immunosuppressive drugs 6(12) 27 (46) <0.001
Malignancy 2 (4) 14 (24) 0.005
Apache II score on ICU admission (range) 18 (8-32) 18 (8-36) 0.367
ICU length of stay (days [range]) 13 (3-60) 14 (2-65) 0.929
Overall ICU mortality (no. of patients [%]) 16 (33) 24 (41) 0.390
Opverall hospital mortality (no. of patients [%]) 21 (43) 28 (48) 0.633
Infection sites (no. of patients [%])
Lungs 18 (37) 35 (59) 0.019
Abdomen 15 (31) 16 (27) 0.689
Skin 13 (27) 5(9) 0.018
Urinary tract 3(6) 3 (5) 0.999
Unknown 1(2) 2(3) 0.999
Identified pathogens (no. of patients [%])
P. aeruginosa 14 (29) 16 (27) 0.867
Enterobacteriaceae 14 (29) 20 (34) 0.553
S. aureus 9 (18) 8 (14) 0.495
Nonfermenting Enterobacteriaceae 9 (18) 6 (10) 0.220
Streptococcus sp. 6(12) 9 (15) 0.653
Unknown 7 (14) 11 (19) 0.545

“ICU, intensive care unit; COPD, chronic obstructive pulmonary disease; Apache II score, acute physiology and chronic health evaluation II score.

¥ Boldface indicates significant P values.

variables were compared using a Mann-Whitney U test. We performed
univariable and multivariable analyses using generalized estimating equa-
tion (GEE) regression models, with “Logit” as the link function, to iden-
tify risk factors for inadequate (either insufficient or overdosage) B-lac-
tam serum concentrations. All tests were two-sided, and P value less than
0.05 were considered significant.

RESULTS

Obese cohort. (i) Patients and samples. We studied 49 obese crit-
ically ill patients. Their demographic and clinical characteristics are
presented in Table 1. A total of 68 TDMs were performed (12 for CEF,
19 for TZP, and 37 for MEM), corresponding to a median of 1 (range,
1to 5) TDM per patient. Fifty-eight serum drug concentrations were
obtained in patients treated with an SDR and 10 were obtained in
those treated with a dose greater than the SDR. TDM was performed
amedian of 3 (range, 1 to 17) days after antibiotic therapy was begun.
The demographic, biological, and clinical characteristics of the obese
patients the day of TDM are presented in Table 2.

(ii) PK data and PD analysis: serum drug concentrations ob-
tained with SDRs and risk factors for inadequate drug levels.
Median total doses of CEF, TZP, and MEM were 6 (range, 2 to 6)
g, 16 (range, 12 to 16) g, and 3 (range, 2 to 3) g, respectively. The
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CTs obtained with SDRs are shown in Fig. 1. Only 25%, 47%, and
49% of drug levels for CEF, TZP, and MEM, respectively, attained
adequatelevels. The interindividual CVs were 92%, 50%, and 54%
for CEF, TZP, and MEM, respectively. Univariable analysis fol-
lowed by multivariable analysis identified early TDM as an inde-
pendent predictor against overdosed serum concentrations.
CRRT on the day TDM was performed was identified as an inde-
pendent predictor against insufficient serum drug concentrations
and as a risk factor for overdosed serum drug concentrations (Ta-
ble 3). There were significantly fewer instances of inadequate drug
levels among the CRRT-receiving patients compared to those not
receiving CRRT (2/34 [5.9%] insufficient receiving CRRT versus
18/34 [52.9%] insufficient not receiving CRRT, P < 0.001). There
were furthermore more instances of overdosed drug levels among
the CRRT-receiving patients compared to those not receiving
CRRT (15/34 [44.1%] overdosed receiving CRRT versus 3/34
[8.8%)] overdosed not receiving CRRT, P = 0.002).

PK variables are presented in Table 4. The median total daily
doses needed to reach PD targets are shown in Table 5. The prob-
ability of target CT attainment at various MICs when SDRs were
administered to the obese cohort is shown in Fig. 2. Serum con-
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TABLE 2 Clinical characteristics of all patients in case control study on day of therapeutic drug monitoring

TDM in obese patients

TDM in nonobese patients

Variable® (n = 68)° (n=68)° P value?
SOFA score (range) 10 (1-19) 8 (1-20) 0.259
Creatinine clearance (ml/min [range])” 67 (10-257) 63 (8-271) 0.976
CRRT (no. of samples [%]) 34 (50) 34 (50) 1.00
Ultrafiltrate (ml/h [range]) 2,750 (1,100-4,500) 2,000 (1,000-5,500) 0.262
Ultrafiltrate/kg (range) 22 (11-39) 35 (14-149) <0.001
Early TDM (no. of samples [%]) 29 (43) 25 (37) 0.483
Mechanical ventilation (no. of samples [%]) 32 (47) 47 (69) 0.009
Use of vasopressors (no. of samples [%]) 49 (72) 32 (47) 0.003

@ SOFA, sequential organ failure assessment score; CRRT, continuous renal replacement therapy.

b Only for patients not receiving CRRT (1 = 34).
¢ n, number of TDMs.
4 Boldface indicates significant P values.

centrations reached the PK/PD targets to treat infections caused
by bacteria with MICs of the drugs corresponding to the clinical
breakpoints for P. aeruginosa in 50%, 58%, and 84% of patients
treated with CEF, TZP, and MEM, respectively.

Nonobese control group. (i) Patients and samples. Sixty-
eight TDMs (12 for CEF, 19 for TZP, and 37 for MEM) were used
as a match from a cohort of 59 nonobese critically ill patients. A
median of 1 (range, 1 to 3) TDM per patient was performed a
median of 3 (range, 1 to 29) days after antibiotic therapy was
begun. TDMs between groups were well matched (Tables 1 and 2).

(ii) PK data and PD analysis: serum drug concentrations ob-
tained with SDRs. Median total doses of CEF, TZP, and MEM
were similar to those administered to the cohort of obese patients:
6 (range, 2 to 6) g, 16 (range, 12 to 16) g, and 3 g, respectively. We
observed a similar large variability in serum concentrations between
patients in both cohorts, as shown by the high CVs for the three
antibiotics (54% versus 43% for MEM, 50% versus 60% for TZP, and
92% versus 74% for CEF for obese versus nonobese patients, respec-
tively). The CT's obtained with SDRs in the nonobese control group
are shown in Fig. 1. No differences between the two cohorts were
observed for the three antibiotics.

Because CRRT was identified as a risk factor for higher serum
concentrations in obese patients, we compared adequacy of treat-
ment between obese and nonobese patients not receiving CRRT
and then between those receiving CRRT (Fig. 1B and C). In pa-
tients receiving CRRT, adequacy of treatment and CTs were sim-
ilar for all three antibiotics. In contrast, in patients treated with
MEM and not receiving CRRT, lower concentrations were ob-
served in obese patients than in nonobese patients (Fig. 1B).
Therefore, more obese patients had concentrations that did not
reach therapeutic targets than nonobese patients (6/17 [35%] ver-
sus 0/17 [0%]; P = 0.02). No differences were observed for CEF
and TZP.

Few differences were observed in PK variables when the two
groups of patients were compared (Table 4). The absolute Vds of
all three drugs were similar between obese and nonobese patients,
but when normalized for weight, Vds were significantly higher for
MEM and TZP in nonobese individuals. The CL values and ¢, ,s of
all antibiotics were similar in both cohorts. No significant differ-
ences were observed between the two cohorts concerning the
probability of target CT attainment for various MICs (Fig. 2).
Total daily doses necessary to reach PD targets were similar in
both obese and nonobese patients for all antibiotics, except for in
the obese patient population treated with MEM and not receiving
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CRRT: greater doses of MEM were needed for obese patients than
for the nonobese population (Table 5).

Impact of correction formula for weight. If increased dosage
regimens based on the correction formula for weight had been
administered to the obese patient cohort, daily doses of CEF, TZP,
and MEM would have been 8 (range, 2 to 8) g, 20 (range, 16 to 24)
g, and 4 (range, 2 to 5) g, respectively, corresponding to an in-
crease in the daily dose administered of 33%, 25%, and 33% for
CEF, TZP, and MEM, respectively. Because increased dosage reg-
imens were always rounded up or down to the closest unitary dose
of the antibiotic, 12 dosage regimens (6 for CEF, 2 for TZP, and 4
for MEM) were not increased by the correction formula for
weight. The adequacy of treatment obtained for all obese patients
(including subgroups of patients treated with and without CRRT)
with increased dosage regimens based on the proposed correction
formula for weight was not significantly different than the ade-
quacy of treatment obtained with SDRs (for all patients, 30/68
[44%] versus 28/68 [41%]; P = 0.729) (data not shown for sub-
groups of patients).

DISCUSSION

This is the first study to evaluate B-lactam levels in critically ill,
obese patients and to compare them to a nonobese critically ill
cohort. In the obese population, SDRs of B-lactams resulted in
insufficient serum concentrations in one-third of the patients and
in overdosed, potentially toxic serum concentrations in one-
fourth. CRRT was identified as a risk factor for higher serum con-
centrations for CEF, TZP, and MEM. Dosage regimens based on a
correction formula for weight only slightly increased serum drug
concentrations but had no impact on adequacy of treatment.

We have compared the obese patient cohort to a well-
matched nonobese critically ill patient cohort. Both groups
showed marked variability in PK variables and serum concen-
trations for all three antibiotics. Antibiotic serum concentra-
tions were similar in the two groups of patients except for
patients treated with MEM. In these patients, lower serum con-
centrations were observed in obese than in nonobese patients
not receiving CRRT. In contrast, this difference was not ob-
served if patients received CRRT. Indeed, a less effective dialy-
sis, shown by lower ultrafiltrate per kg of body weight leading
to more drug accumulation in obese patients, could explain
this observation. Because of technical difficulties or device lim-
itations, the median ultrafiltrate rate ranged from 2,000 to
2,750 ml/h, resulting in lower than recommended rates in some
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FIG 1 Serum drug concentrations obtained in obese and nonobese patients when standard drug regimens were administered. (A) All TDM (therapeutic drug
monitoring) events. (B) TDMs obtained when patients were not receiving CRRT (continuous renal replacement therapy). (C) TDMs obtained when patients
were receiving CRRT. CT/MIC ratio, the drug concentration at the end of the optimal period of time/MIC (clinical breakpoints for Pseudomonas aeruginosa, as
defined by EUCAST, were used [13]); CEF cefepime or ceftazidime; TZP, piperacillin-tazobactam; MEM, meropenem; ob, obese; nob, nonobese. Gray shading
indicates adequate serum concentrations for difficult-to-treat pathogens. *, P = 0.003.

patients, especially if they were overweight. Because half of the
TDMs analyzed were performed while patients received CRRT,
less effective dialysis may have had an impact on serum con-
centrations observed in the total obese patient population (14).

No significant differences in PK parameters were observed be-
tween the two cohorts. Because absolute Vds were similar between
obese and nonobese patients, the Vd indexed for weight, as ex-
pected, was increased in nonobese patients compared to the value
in obese patients. Indeed, B-lactams are hydrophilic molecules,
and adipose tissue is composed of only 30% water, thus explaining
these findings. There was, however, a trend for a higher CL and
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total Vd in obese patients receiving MEM without CRRT than in
nonobese patients. The combined effect of these two variables,
even if not significant when analyzed independently, may explain
the lower serum concentrations observed in these patients. For
CEF and TZP, the cohorts may have been too small to demon-
strate differences between the two groups.

Concordant with the rest of our results, obese patients receiv-
ing MEM without CRRT were the only patients needing higher
doses than the nonobese cohort to attain PD targets. However, the
total daily dose needed for this subgroup of patients was not
greater than the current SDR. The probabilities of PD target at-
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TABLE 3 Risk factors for inadequate 3-lactam serum concentrations when standard drug regimens were administered to obese patients

Risk analysis of insufficient serum concn by method”

Risk analysis of overdosed serum concn by method”

Univariable analysis

Multivariable analysis

Univariable analysis Multivariable analysis

Variable” T<4XMIC T>4XMIC Pvalue Pvalue OR (95% CI) T<8XMIC T>8XMIC Pvalue Pvalue OR (95% CI)
Weight (kg [range]) 116 (100-130) 115 (108-126) 0.297 115 (100-129) 118 (105-130) 0.406
Body mass index (kg/m? [range]) 36 (33-47) 41 (37-46) 0.207 38 (34-43) 43 (37-51) 0.120
SOFA score on day of TDM (range) 9 (1-13) 10 (2-19) 0.035 9 (1-18) 11 (2-19) 0.174
APACHE 1I score on admission 16 (8-28) 20 (8-32) 0.015 19 (8-32) 20 (15-25) 0.223
(range)
CRRT (no. of samples [%]) 2 (10) 32(67) 0.002 0.002 0.06 (0.01-0.36) 19 (38) 15 (83) 0.006 0.010 7.3 (1.6-33.4)
Serum creatinine (mg/dl [range]) 1.0 (0.4-2.9) 1.3 (0.6-8.3) 0.406 1.1 (0.4-3.8) 1.4 (0.8-8.1) 0.040
Early TDM (no. of samples [%]) 9 (45) 20 (42) 0.932 25 (50) 4(22) 0.020 0.042 0.3 (0.09-0.96)
Use of vasopressors (no. of samples 13 (65) 43 (90) 0.051 41 (82) 15 (83) 0.976
[%])
Mechanical ventilation (no. of 12 (60) 22 (46) 0.253 27 (54) 7 (39) 0.269
samples [%])
B-lactam administered (no. of
samples [%])
Meropenem 6 (30) 31 (65) 0.042 24 (48) 13 (72) 0.497
Piperacillin-tazobactam 8 (40) 11 (23) 0.725 17 (34) 2(11) 0.274
Cefepime or ceftazidime 6 (30) 6 (13) — 9(18) 3(17) —

“ APACHE, acute physiology and chronic health evaluation; SOFA, sequential organ failure assessment; TDM, therapeutic drug monitoring.
b T values are for the time period specified in the description of the variable. OR, odds ratio; CI, confidence interval.

¢ Used as reference.

tainment for pathogens like P. aeruginosa that are difficult to treat
were no different between the obese and nonobese patient co-
horts. SDRs were adequate only for the treatment of very suscep-
tible pathogens in both obese and nonobese patients.

Our obese patient population was representative of obese crit-
ically ill patients with high severity scores, high frequency of in-
fections due to P. aeruginosa, and high mortality rates. Even

TABLE 4 Pharmacokinetic variables in all patients

though our obese cohort was well matched with a nonobese cohort,
more obese patients received vasopressors on the day of TDM than in
the nonobese group, and more nonobese patients benefitted from
mechanical ventilation than the obese cohort. These factors may have
influenced the PKs of the drugs as both factors influence Vd and CL
(2). However, in the subgroup of patients treated with MEM and not
receiving CRRT, no differences were observed between obese and

Value for the indicated drug”

TZP CEF

Mean (range) P Mean (range) P

MEM

Variable and population” Mean (range) P
Vd (liters)

Obese 40.0 (8.0-191.0)

Nonobese 27.9 (5.4-205.2) 0.103
Indexed Vd (liters/kg)

Obese 0.3 (0.1-1.6)

Nonobese 0.5 (0.1-3.0) 0.001
CL (ml/min)

Obese 101.0 (6.4-487.6)

Nonobese 77.0 (35.0-390.0) 0.424
CL with CRRT (ml/min)

Obese 75.5 (6.4-188.9)

Nonobese 61.8 (38.5-390.0) 0.685
CL without CRRT (ml/min)

Obese 168.0 (26.7-487.6)

Nonobese 102.0 (35.0-275.0) 0.209
£, (h)

Obese 3.7 (1.3-115.5)

Nonobese 4.3 (1.0-15.1) 0.841
t,, with CRRT (h)

Obese 5.5(2.3-115.5)

Nonobese 4.8 (2.0-15.1) 0.617
t,, without CRRT (h)

Obese 1.6 (1.3-57.8)

Nonobese 1.3 (1.0-8.3) 0.448

29.6 (14.3-51.3) 24.0 (15.3-149.2)

21.3 (1.3-165.7) 0.068 21.4 (13.1-48.9) 0.488
0.3 ((0.1-0.4) 0.3 (0.1-1.6)

0.3 (0.0-2.7) 0.003 0.4 (0.2-0.8) 0.65
90.2 (31.5-271.6) 51.0 (7.4-174.3)

53.5 (13.8-547.0) 0.093 47.0 (1.3-181.0) 0.686
74.4 (44.4-271.6) 27.7 (10.5-39.7)

53.5 (13.8-115.2) 0.178 25.0 (19.7-101.3) 0.827
167.1 (31.5-256.6) 73.4 (7.4-174.3)

85.0 (21.7-547.0) 0.529 49.8 (1.3-151.0) 0.965
3.2(1.6-18.2) 3.0 (0.6-28.9)

3.8 (1.0-15.2) 0.397 9.1 (1.3-115.5) 0.157
2.5 (1.8-7.7) 2.4 (1.7-23.1)

2.9 (1.3-9.0) 0.491 15.8 (13.1-30.6) 0.513
3.0 (1.6-18.2) 5.5 (0.6-28.9)

3.5 (1.0-15.2) 0.674 5.0 (1.3-115.5) 0.251

“Vd, volume of distribution; CL, clearance; t,,,, half-life; CRRT, continuous renal replacement therapy.

b Boldface indicates significant P values.
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TABLE 5 Total daily doses necessary to reach pharmacodynamic targets for all patients

Minimum median dose (range) by cohort and/or treatment (g)*

Total population With CRRT Without CRRT
Drug Obese Nonobese P value Obese Nonobese P value Obese Nonobese P value”
MEM 2 (1-9) 2 (1-7) 0.433 1(1-2) 1(1=7) 0.272 3 (1-5) 2 (1-3) 0.011
TZP 12 (6-76) 12 (4-76) 0.422 8 (4-76) 12 (4-16) 0.921 24 (8-40) 20 (4-76) 0.674
CEF 4(2-18) 10 (2-30) 0.419 2 (2-4) 6 (2-12) 0.127 12 (2-24) 12 (2-30) 0.757

“ CRRT, continuous renal replacement therapy.
b Boldface indicates a significant P value.

nonobese patients concerning treatment with vasopressors and me-
chanical ventilation on the day of TDM (data not shown). Therefore,
these factors do not explain the lower serum concentrations observed
in this subgroup of patients.

There are no reports on 3-lactams in critically ill obese patients
and very few series on 3-lactams in noncritically ill obese patients.
Studies on prophylaxis with narrow-spectrum cephalosporins
showed that dosages needed to be doubled to reach target concen-
trations in obese patients (15, 16, 26). A dose of 2 g twice daily of
cefepime was insufficient to reach PD targets (17). Serum concen-
trations of ertapenem were lower in obese patients than in non-
obese patients (18). Finally, the average steady-state serum con-
centration of TZP in a very obese septic patient was less than the
concentration obtained in a healthy, nonobese population (19).
Previous studies on general populations of critically ill patients
have already shown that SDRs of B-lactams are inadequate in
general populations of critically ill patients (3, 12). Therefore, obe-
sity alone is unlikely to explain the insufficient drug levels mea-
sured in our critically ill patients but may have aggravated the
inadequacy of 3-lactam serum concentrations, particularly in the
case of MEM.

A correction dosage formula for weight has been proposed for
use in obese patients, based on a correction factor of 0.30 to take
into account the lower distribution of 3-lactams in adipose tissue
(4). This correction formula induced small increases of daily doses
(33%, 25%, and 33% for TZP, CEF, and MEM, respectively) and

only minor modifications in serum concentrations without im-
pact on the adequacy of treatment.

There are several limitations to our study. First of all, the study
is retrospective: serum concentrations were performed only in
selected patients and not in all patients. Second, results are more
robust for MEM than for TZP and CEF because of larger groups of
patients. More patients are needed in the TZP and CEF groups
before any conclusions can be made. Finally, because CRRT was a
risk factor for higher serum concentrations in the obese patient
cohort, probably because of lower efficacy of dialysis, there is rea-
son to believe that there are two populations of obese critically ill
patients: those who receive CRRT and those who do not receive
CRRT. Because of the great variability of serum concentrations
observed in critically ill patients and the impact of CRRT on these
concentrations, it is challenging to show differences between the
two groups of patients.

Finally, our definitions of adequate, insufficient, and over-
dosed serum concentrations are not based on a consensus. How-
ever, the target of 4 X the MIC of a drug for the given pathogen for
the specified time periods has been extensively discussed (11, 12).
We defined the upper limit target as 8 X the MIC for the specified
time periods (40% of the time for MEM, 50% of the time for TZP,
and 70% of the time for CEF) based on in vitro data showing the
absence of better efficacy with concentrations greater than 4X to
5X the MIC for the pathogen (20, 21) and reported toxicity,
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FIG 2 Probability of attaining the target CT of >4X MIC for various MICs when standard dosage regimens of CEF, TZP, and MEM were administered in obese

and nonobese patient cohorts.
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mainly neurological, in the case of high serum concentrations
(22-24).

In conclusion, this is the very first case-control study compar-
ing serum concentrations of 3-lactams in obese to those in non-
obese critically ill patients. No major differences between obese
and nonobese critically ill patients were found. Sepsis appears to
alter PK parameters of B-lactams and, thus, serum concentrations
much more than obesity in itself does. Given the large variability
in serum concentrations observed in obese patients with severe
sepsis, the impact of the efficacy of CRRT, and the absence of
validated correction formulas for weight or sepsis, we recommend
that until results from large prospective PK studies are available,
TDM should be performed routinely in obese, critically ill pa-
tients.
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