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Abstract

Background: Cefoxitin is active against some extended-spectrum beta-lactamase-producing Enterobacterales (ESBL-
PE), but has not been evaluated so far in the intensive care unit (ICU) settings. Data upon its pharmacokinetics (PK),
tolerance and efficacy in critical conditions are scanty. We performed a retrospective single-center study in a univer-
sity hospital medical ICU, in subjects presenting with cefoxitin-susceptible ESBL-PE infection and treated with cefoxi-
tin. The primary aim was to determine cefoxitin PK. Secondary endpoints were efficacy, tolerance, and emergence of
cephamycin-resistance.

Results: Forty-one patients were included in this study, mainly with ESBL-PE pneumonia (35 patients, 85%). Cefoxitin
was administered during a median [interquartile range (IQR)] duration of 5 [4-7] days. Cefoxitin serum concentrations
strongly depended on renal function. Target serum concentration (> 5 x minimum inhibitory concentration (MIC)

24 h after cefoxitin onset was obtained in 34 patients (83%), using a median [IQR] daily dose of 6 [6-6] g with continu-
ous administration. The standard dosage of 6 g/24 h was not sufficient to achieve the PK/PD target serum concentra-
tion for MIC up to 4-8 mg/L, except in patients with severe renal impairment and those treated with renal replace-
ment therapy. Treatment failure occurred in 26 cases (63%), among whom 12 patients (29%) died, 13 patients (32%)
were switched to alternative antibiotic therapy and 11 patients (27%) presented with relapse of infection with the
same ESBL-PE. Serious adverse events attributed to cefoxitin occurred in 7 patients (17%). Acquisition of cephamycin-
resistance with the same Enterobacterales was identified in 13 patients (32%), and was associated with underdosage.

Conclusion: Continuous administration of large doses of cefoxitin appears necessary to achieve the PK/PD target in
patients with normal renal function. Renal status, MIC determination and therapeutic drug monitoring may be useful
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for treatment individualization in this setting. The treatment failure rate was 63%. The cefoxitin safety profile was
favorable, but we observed a high rate of cephamycin-resistance emergence.

Keywords: Antibacterial chemotherapy, Intensive care, Healthcare-associated pneumonia, Extended-spectrum beta-
lactamase, Carbapenem-sparing agents, Cefoxitin, Population pharmacokinetics

Background

Multiresistant bacteria are a major public health issue
[1]. The rate of extended-spectrum beta-lactamase-pro-
ducing Enterobacterales (ESBL-PE) carriage has recently
reached 18% in French hospitals [2]. They are responsi-
ble for an increasing rate of nosocomial infections in the
intensive care units (ICU) [3, 4]. Their treatment often
requires broad-spectrum antibiotics, such as carbapen-
ems, whose use increases the risk of selecting resistant
strains such as carbapenemase producing Enterobacte-
rales [5, 6]. Antibiotic stewardship in the ICU supports
the use of broad-spectrum antibiotic-sparing strategies
[7], and restricting the use of carbapenems has been rec-
ommended [8, 9].

A possible alternative to carbapenems for the treatment
of susceptible strains of ESBL-PE infections is cefoxitin,
a cephamycin that circumvents the enzymatic degrada-
tion by ESBL. Cefoxitin has long been known as effective
against some multiresistant bacteria [10], making it an
appealing carbapenem-sparing candidate drug for ESBL-
PE infections [11, 12]. Its clinical use is deemed relevant
in many infectious situations [13], such as urinary tract
infections in non-ICU patients [14—17]. Studies assessing
the efficacy of cefoxitin for other indications are scarce
[18]. Some studies reported the usefulness and tolerance
of other cephamycins such as cefmetazole in the treat-
ment of ESBL-PE bacteremia [19, 20]. Very few studies
have described the toxicity of cefoxitin in humans, mostly
in the perioperative prophylactic setting [21]. Cefoxitin’s
ecological impact might not be negligible as acquisition
of cefoxitin-resistance has been reported [22—-25]. Finally,
the use of cefoxitin in the ICU settings has not been eval-
uated so far.

The primary aim of the present study was hence to
determine the pharmacokinetics/pharmacodynamics
(PK/PD) and dosage requirements of cefoxitin in ICU
patients. Secondary aims were to assess the efficacy of
cefoxitin in ESBL-PE infections, its tolerance and its
impact on acquisition of cephamycin-resistance inside
the ICU.

Methods

This was a single-center retrospective cohort study per-
formed between 1 January 2014 and 1 June 2021 in a
university teaching hospital medical ICU. Follow-up was
completed on 31 December 2021.

Inclusion and exclusion criteria

Subjects were included if they met all the following cri-
teria: age > 18 years, infection with cefoxitin-susceptible
ESBL-PE, treatment with cefoxitin during>24 h as a
definitive antibiotherapy regardless on the probabilistic
antibiotherapy previously administered, and cefoxitin
therapeutic drug monitoring (TDM) with at least one
serum concentration measured during therapy. Cefoxitin
was administered preferentially with continuous infu-
sion unless clinician decided otherwise. Infection was
defined by the presence of clinical abnormalities that
were related by clinicians to the microbiological findings
and for which an antibiotherapy was initiated. Inclusion
started at the initiation of cefoxitin treatment. Patients
who refused to participate or were included in the study
during a previous ICU stay were excluded.

Data collection

Data were retrospectively collected from the medi-
cal charts. The follow-up was right-censored 30 days
after inclusion. Comorbidity was assessed using Charl-
son index [26]. Patients were considered immunocom-
promised if they received>20 mg prednisone/24 h
for>1 month, had received a solid-organ or hematopoi-
etic stem cell transplant, were diagnosed with malignant
hemopathy, were taking an immunosuppressive drug
(anti-calcineurin, mycophenolate mofetil, methotrex-
ate, azathioprine, tumor necrosis factor a-blocker, inter-
leukin-6-blockers or B-cell depletion), received cancer
chemotherapy within 6 months, or had human immuno-
deficiency virus infection with <200 CD4 cells/pL. The
following risk factors for multiresistant bacteria carriage
were considered: current hospital stay duration>5 days
[27], previous antibiotic exposure within 3 months before
diagnosis of ESBL-PE infection, previous ESBL-PE car-
riage or infection within 3 months, travel abroad in high
community ESBL-PE prevalence area within 3 months
before inclusion, living in a long-term care facility [9].
Patient could be treated with a probabilistic antibiotic
prior to inclusion. The empiric treatment was consid-
ered adapted if at least one antibiotic was retrospectively
active against the strain identified. The effective modali-
ties of cefoxitin treatment were registered (continuous
or discontinuous infusion, dosages, duration of treat-
ment). Illness severity at the time of ICU admission
and at inclusion was assessed using Sequential Organ
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Failure Assessment (SOFA) [28] items, Simplified Acute
Physiology Score (SAPS) II [29], and sepsis criteria [30].
Glomerular filtration rate was estimated using the Cock-
croft—Gault equation [31].

Biological analysis

The total serum cefoxitin concentration was measured
using high-performance liquid chromatography with
high-resolution mass spectrometry detection using a
QExactive Focus Orbitrap (Thermo Fisher Scientific,
Waltham, USA). The presence of the molecule was based
on the mass of its parent ion with an accuracy of 5 ppm
and on its retention time. The quantification was based
on the principle of internal calibration using cefazo-
lin-[13]C2[15]N as internal standard. This method was
validated over a range of 0.5 to 100 mg/L. Each batch of
patient analysis includes low- and high-quality controls,
respectively, at 10 mg/L and 50 mg/L. The intra- and
inter-assay variability of the quality controls was lower
than 15% at both levels. This analytical method is avail-
able in routine analysis in our institution and is validated
according to accreditation recommendations in medical
biology (French accreditation committee, COFRAC).

All biological samples positive for cefoxitin-susceptible
ESBL-PE sent for bacteriological analysis were consid-
ered if the amount of bacteria exceeded the threshold
defined for the sample site [32, 33]. ESBL-PE were sus-
pected based on the antibiotic susceptibility testing, and
cefoxitin-susceptibility was assessed following the latest
European and French guidelines [34]. Minimum inhibi-
tory concentration (MIC) was estimated with Vitek 2
(BioMérieux, Marcy I'’Etoile, France). MIC was system-
atically re-assessed with E-test when MIC Vitek2 esti-
mation was between 4 mg/L and the epidemiological
cut-off (MICgnpp) value 8 mg/L, or upon request from
clinicians.

Primary and secondary endpoints

The primary endpoint was the achievement of cefoxitin
PK/PD target serum concentration of efficacy based on
PK modeling. This target was defined as 100% of time
spent above the MIC for the modeled free serum con-
centration (fT, ;) on the second day of therapy. This
was considered equivalent to a steady-state total cefoxi-
tin serum concentration (Cy)>5 x MIC in the case of a
continuous administration, assuming a cefoxitin pro-
tein binding of 80% [35-37]. Secondary endpoints were
the following: (1) the rate of treatment failure defined
as a composite endpoint: change of antibiotic treat-
ment before full treatment course, or relapse of infection
with the same micro-organism, or death within 30 days
after inclusion; (2) change of antibiotic treatment before
full cefoxitin treatment planned course; (3) relapse of
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infection with the same micro-organism (defined as new
onset of symptoms compatible with infection, microbio-
logical growth with the same micro-organism, and intro-
duction of a new antibiotic treatment) before day-30; (4)
mortality at day-30 after inclusion; (5) attributed cause of
the criteria of failure definitely linked to the initial ESBL-
PE (death, relapse, or change of antibiotic associated with
microbiological analysis performed after inclusion show-
ing one or more positive culture to the same initial ESBL-
PE) or possibly linked (death, or change of antibiotic and
microbiological analysis showing no positive culture, and
no alternative infectious cause identified) or not linked
(death, or change of antibiotic associated with microbio-
logical analysis positive with another strain explaining
the treatment failure or non-infectious cause of fail-
ure) (in the case of multiple criteria of failure in a same
patient, failure was definitely linked to the initial ESBL-
PE if at least one criteria of failure was definitely linked,
it was possibly linked to the initial ESBL-PE if at least one
criteria of failure was possibly linked and no criteria was
definitely linked, and it was not linked to the initial ESBL-
PE if no criteria was definitely nor possibly linked); (6)
occurrence of serious adverse event under cefoxitin treat-
ment including but not limited to: rash, hepatic cytoly-
sis or cholestasis (>3 N or 3 times increase compared
to values at inclusion), acute kidney injury (any increase
of >1 point in KDIGO [38] staging under cefoxitin treat-
ment), encephalopathy attributed to cefoxitin by clini-
cians, treatment discontinuation or change of antibiotic
due to cefoxitin suspected intolerance; (7) rate of acqui-
sition of cephamycin-resistance with the same microbial
species in any biological sample performed between the
initiation of cefoxitin (bacterial carriage or infection) and
day-30 after inclusion in samples for which an antibiotic
susceptibility testing was performed; (8) Clostridioides
difficile infection before day-30 after inclusion.

Statistical analysis

Data were expressed as median [quartile 1-quartile 3]
for quantitative variables, and count (%) for qualitative
variables. Normality distribution was assessed with the
Schapiro—Wilk test and with quantile—quantile plots.
Qualitative variables were compared with exact Fisher
test. Quantitative variables were compared using Stu-
dent’s ¢-test or Wilcoxon—Mann—Whitney test. The sta-
tistical significance threshold was set to a p-value<0.05
using bilateral tests. Analyses were performed using
STATA® (version 12, StataCorp, College Station, Texas,
USA) and R software (version 4.1.1, R Foundation for
Statistical Computing, Vienna, Austria) with package fit-
distrplus [39]. Since some MIC were only evaluated with
Vitek2 and hence were left censored below a low thresh-
old value (i.e., 4 mg/L), they were imputed as follows: (1)
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5993 patients
admitted in the ICU between 01/01/2014 and 06/01/2021

!

198 patients with C3G-resistant Klebsiella pneumoniae, Escherichia coli,
Klebsiella oxytoca, or Citrobacter koseri infection:
- Respiratory tract infection*: 117 patients
- Urinary tract infection*: 58 patients
- Bloodstream infection*: 40 patients
- Other*: 18 patients
v

150 patients with cefoxitin-susceptible strain infection
(at least one sample positive for cefoxitin-susceptible and C3G resistant
Enterobacterale infection compatible with ESBL mechanism of resistance):
- Respiratory tract infection*: 101 patients
- Urinary tract infection*: 30 patients
- Bloodstream infection*: 26 patients
- Other*: 16 patients

105 patients treated with

alternative treatments:

- Piperacillin-tazobactam : 32
patients

> - Cefepime : 15 patients

- Penem : 31 patients

- Other : 10 patients

- No antibiotherapy : 9 patients

- Unknown :8 patients

A 4

45 patients treated with cefoxitin for a cefoxitin-susceptible ESBL-PE
infection during their ICU stay

4 patients not included :
—>» - cefoxitin treatment < 24h :
4 patients

A 4

41 patients included

Fig. 1 Flowchart of the study. ‘Multiple sites could be positive for ESBL-PE per patients. C3G 3rd generation cephalosporin, ESBL extended-spectrum
beta-lactamase, £SBL-PE ESBL producing Enterobacterales, ICU intensive care unit

cefoxitin MIC of 30 ESBL-PE (Escherichia coli, Klebsiella  equation based on either TBW, IBW or ABW, renal
pneumoniae, Klebsiella oxytoca, and Citrobacter koseri)  replacement therapy (RRT, coded as a binary variable),
assessed with E-test in our microbiological laboratory = SAPS-II, SOFA, and serum protein. The achievement
were fitted by maximum likelihood to a log-normal dis-  of the target cefoxitin serum concentration was deter-
tribution [39]; (2) 30,000 values were simulated under the = mined based on model predictions (PK profile based on
log-normal distribution with fitted parameters; (3) cen- the Bayesian posterior estimates). Then, the final model
sored values were then replaced with a number randomly ~ was used to perform 1000-subject Monte Carlo simula-
selected from a subset of the simulated dataset restricted  tions with the Pmetrics® program [40] to identify opti-
to values below 4 mg/L. mal dosing regimens for continuous IV cefoxitin. We

Population PK analysis was carried out by using the simulated continuous IV administration of cefoxitin
Monolix® software (version 2019R2, Lixoft, Antony, with daily doses ranging from 2 to 12 g, after a loading
France). The best structural and covariate model was  dose of 2 g administered over 1 h. As renal function was
selected based on classical criteria (goodness-of-fit, pre-  found to influence cefoxitin clearance, each dosing regi-
cision of parameter estimates, and simulation-based diag-  men was simulated in patients with various level of renal
nostics). In covariate modeling, the following variables  function (CCR based on IBW, CCRyy,) ranging from 10
were examined: age, sex, total body weight (TBW), ideal =~ to 200 mL/min. We considered a MIC range of 0.125 to
body weight (IBW), adjusted body weight (ABW), creati- 16 mg/L and an MICgqpp of 8 mg/L, in accordance with
nine clearance (CCR) estimated by the Cockcroft—-Gault  the cefoxitin MIC distributions of Enterobacterales from
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Variables Median [IQR] or counts (%)
Age—years 59 [53-74]
Male sex 31 (76%)
Charlson comorbidity index 4[3-8]
Immunocompromised patients 17 (41%)
Body weight—kg 65 [59-83]
SAPS 2 at ICU admission 48 [38-66]
SOFA score at ICU admission 7 [5-12]
Length of ICU stay before inclusion - days 10 [3-16]
Patients without renal replacement therapy 33 (80%)
Creatinine—pmol/L 82 [52-129]
CCR—mL/min 82 [43-90]
Patients with CCR > 100 mL/min 15/33 (45%)
Patients under renal replacement therapy 8 (20%)
Continuous renal replacement therapy 8/8 (100%)

Ultrafiltration rate—mL/h
Blood flow rate—mL/min
Length of ICU stay before inclusion—days
SOFA score at inclusion
Sepsis at inclusion
Septic shock at inclusion
Organ support techniques at inclusion
Invasive mechanical ventilation
Vasopressors
Renal replacement therapy
Extracorporeal membrane oxygenation
Site(s) of infection with ESBL-PE®
Respiratory tract
Urinary tract
Catheter related infection
Ascites infection
Bloodstream infection
ESBL-PE sloeciesb
Klebsiella pneumoniae
Escherichia coli
Klebsiella oxytoca
Citrobacter koseri
Cefoxitin susceptibility
Assessed by Vitek2 only
Assessed by E-test
MIC for cefoxitin
Vitek2 estimated MIC values (measured)—mg/L
<4mg/L
>4 mg/Land <8 mg/L
E-test measured and imputed MIC® values—mg/L

Probabilistic antibiotherapy before definitive cefoxitin treatment

Appropriate

Inappropriate
Duration of probabilistic antibiotherapy—h
Cefoxitin loading dose administered—g

2000 [1925-2300]
250 [250-250]
10[3-16]

8[6-12]

36 (88%)

16 (39%)

24 (59%)
22 (54%)
8 (20%)
3(7%)

25 (61%)
14 (34%)
2 (5%)
1(2%)

30 (73%)
11(27%)

36 (88%)
5(12%)
3[2-4]

29 (71%)
24/29 (83%)
5/29 (17%)
48 [24-72]
41 (100%)
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Variables Median [IQR] or counts (%)
29 39 (95%)
49 2 (5%)

Maintenance administration of cefoxitin
Continuous 39 (95%)
Intermittent 2 (5%)

Initial daily maintenance dose of cefoxitin—g 6 [6-6]
29 1(2%)
39 1(2%)
49 6 (15%)
69 26 (64%)
89 6 (15%)
129 1(2%)

Duration of cefoxitin treatment—days 5[4-7]

2 Could be multiple
b Two species were identified in one patient

€ Mixing E-test measured values when available, and imputed values for left-censored Vitek2-estimations in patients with missing E-test measured values

CCR creatinine clearance, ESBL-PE extended-spectrum beta-lactamase-producing Enterobacterales, ICU intensive care unit, MIC minimum inhibitory concentration,
SAPS 2 simplified acute physiology score 2, SOFA simplified organ failure assessment, TDM therapeutic drug monitoring

EUCAST. The probability of target attainment (PTA) was
computed, with PTA > 90% considered as acceptable.

Results

Description of the cohort

Out of 5993 patients admitted in ICU over the study
period, 150 presented with a cefoxitin-susceptible ESBL-
PE infection, and 41 patients were treated with cefoxitin
during 24 h or more (Fig. 1). Additional file 1: Table S1
displays the 41 patients included in the study and the
105 patients treated with alternative treatments over the
study period in the center and who were not included.

Table 2 Cefoxitin TDM and PK modeling

Baseline characteristics of the patients are described in
Table 1. Twenty-four patients (59%) were under invasive
mechanical ventilation and 22 (54%) were receiving vaso-
pressors. The most common ESBL-PE infection cause
was pneumonia (35 patients, 85%), and the most com-
mon pathogen was Klebsiella pneumoniae (25 patients,
61%). Cefoxitin MIC was estimated with Vitek2 in 30
patients. It was measured with E-test in 11 patients and
amounted to 3 [2-4] mg/L. A probabilistic antibiother-
apy was administered prior to inclusion in 29 patients
(71%), with a median duration of 48 [24-72] h.

Variables

Median [IQR]
or counts (%)

TDM—measured cefoxitin serum concentrations
Delay between cefoxitin bolus and first TDM—h
Total serum cefoxitin concentration measured at 1st TDM—mg/L
Number of TDM occurrences per patient
1
2
3
Model-based cefoxitin serum concentrations 24 h after bolus
Total serum cefoxitin concentration—mg/L
Patients with fT,,c=100%
Patients with fT ¢ gcorr = 100%

19 [13-24]
37[22-72]

18 (44%)
15 (36%)
8 (20%)

43 [23-72]
34 (83%)
19 (36%)

fT.

>

mic time spent above the MIC for the modeled free serum concentration, /QR interquartile range, PK pharmacokinetics, MIC minimal inhibitory concentration,

MiICecorr epidemiological cut-off value of minimal inhibitory concentration, TDM therapeutic drug monitoring
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Cefoxitin administration and PK

All patients received a median loading dose amounting to
2 [2] g, followed by a continuous administration with a
median dose of 6 [6] g/24 h in 39 patients. Intermittent
administration was performed in 2 patients. Seventy-two
cefoxitin measured serum concentrations were available.
On the first TDM occasion, sampling was performed at
a median time of 19 [13-24] hours after cefoxitin bolus.
The median total cefoxitin serum concentration was 37
[22-72] mg/L, 7 patients (18%) had a cefoxitin serum
concentration over 100 mg/L and 9 patients (22%) did
not reach the target serum concentration.

The final PK model was a one-compartment model
including CCRgy and RRT as covariates influencing
cefoxitin PK. The final model parameters are provided
in Additional file 2: Table S2. Typical value of cefoxitin
volume of distribution could not be reliably estimated.
Although realistic (19.5 L), the estimate was associ-
ated with a high standard error (59%). It was therefore
fixed at 12 L in the final model, in accordance with
the results from Isla et al. [41]. Cefoxitin clearance in
patients receiving RRT was estimated at 2.38 L/h. This
clearance is similar to that of a patient with CCRpy, of

Table 3 Outcomes
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27 mL/min. The model adequately described the data
as shown in Additional file 3: Figure S1 and Additional
file 4: Figure S2. Table 2 shows cefoxitin TDM and PK
modeled values. The cefoxitin PK/PD target serum con-
centration of efficacy (fT,;c=100%) was achieved in
34 patients (83%), based on model predictions (PK pro-
file based on the Bayesian posterior estimates). How-
ever, only 19 (46%) patients achieved the PK/PD target
ST mic ecorr=100% (Cy>5 x MICgcopp in the case of
continuous IV administration).

Results of the dosing simulations are shown in Addi-
tional file 5: Figure S3 and Additional file 6: Figure S4.
Dosage requirements strongly depended on renal func-
tion. The standard dosage of 6 g/24 h administered by
continuous IV was not sufficient to achieve the PK/PD
targets for MIC up to 4—-8 mg/L, except in patients with
severe renal impairment or receiving continuous RRT. In
patients with normal renal function, e.g., with CCRpy, of
100 mL/min, only doses > 10 g/24 h were associated with
acceptable PTA for MIC up to 4 mg/L, while no tested
regimen would have achieved acceptable PTA for a puta-
tive MIC =MICpcopp (8 mg/L).

Variables

Median [IQR]
or counts (%)

Cefoxitin treatment failure®
Death
Change of antibiotic before scheduled end of cefoxitin treatment
Relapse of the infection with the same ESBL-PE
Cefoxitin treatment failure
Definitely linked to the initial ESBL-PE
Possibly linked to the initial ESBL-PE
Not linked to the initial ESBL-PE
Delay between inclusion and death—days
Delay between inclusion and relapse with the same ESBL-PE—days
Acquisition of cefoxitin-resistance with the same species of ESBL-PE
Infection
Carriage
Delay between inclusion and identification of cefoxitin-resistance—days
Number of patients presenting a serious adverse event
Nature of adverse event®
Acute kidney injury
Rash
Hepatic cytolysis
Encephalopathy
Cholestasis
Cefoxitin discontinuation due to serious adverse event
Occurrence of Clostridioides difficile infection

26 (63%)
12 (29%)
13 (32%)
11 (27%)
14 (34%)
8 (19%)

4 (10%)

8 [5-14]
10 [5-20]
13 (32%)
4 (10%)

9 (22%)

11 [10-20]
7 (17%)

2 Could be multiple

ESBL-PE extended-spectrum beta-lactamase-producing Enterobacterales, IQR interquartile range
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Clinical outcomes
Clinical outcomes are provided in Table 3. Follow-up was
completed until day-30 in all 41 patients. Median dura-
tion of cefoxitin treatment as definitive antibiotherapy
was 5 [4-7] days.

Cefoxitin treatment failures

During follow-up, treatment failure occurred in 26
patients (63%). Neither the ESBL-PE species, nor the
cefoxitin MIC were associated with treatment failure
(Additional file 7: Table S3). Criteria of failure could
be multiple per patient and were as follows: death (12
patients, 29%) with a median of 8 [5-14] days after inclu-
sion, change of antibiotic before the scheduled end of
cefoxitin treatment course (13 patients, 32%), and relapse
of infection with the same ESBL-PE with a median of 10
[5-20] days after inclusion (11 patients, 27%). Death was
possibly linked to the initial ESBL-PE in 3 cases, and not
linked in 9 cases (among them, 7 non-infectious causes).
The change of cefoxitin for another antibiotic was defi-
nitely linked to the first pathogen in 4 cases, possibly
linked in 4 cases, and not linked in 5 cases (among them,
1 case of cefoxitin-associated adverse event).

Cefoxitin safety

Serious adverse events attributed to a drug side effect
occurred in seven patients (17%). Cefoxitin-associated
adverse events were responsible for anticipated end of
treatment in one patient (2%). No death was attributed to
a drug side effect. Sixteen patients (39%) presented one
or more other infections during the follow-up period,
among whom 2 patients (5%) presented with Clostridi-
oides difficile infection.

Impact of cefoxitin exposure on cephamycin-susceptibility
Acquisition of cefoxitin-resistance with the same bacte-
ria during follow-up was found in 13 cases (32%), includ-
ing 4 infections and 9 asymptomatic carriages. The rate
of acquisition of cefoxitin resistance was 7/14 (50%) for
Escherichia coli, 5/25 (20%) for Klebsiella pneumoniae,
and 1/2 (50%) for Klebsiella oxytoca. Low cefoxitin serum
concentration at first TDM occasion was associated with
the emergence of cefoxitin-resistance (p=0.008, Addi-
tional file 8: Table S4).

Discussion

To our knowledge, this is the first study having evalu-
ated the PK/PD of cefoxitin, its clinical efficacy and tol-
erance in critically ill patients. The main findings of the
study were: (1) cefoxitin displayed a large interindividual
PK variability in ICU patients as expected, and continu-
ous administration of high doses is required to achieve
the PK/PD target; (2) the PTA is unacceptably low for
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MIC >4 mg/L and normal or increased renal function,
suggesting that the cefoxitin susceptibility breakpoint for
Enterobacterales is inappropriate; (3) the failure rate of
cefoxitin treatment in severe ESBL-PE infections in ICU
was 63%; (4) a high rate of cefoxitin resistance emergence
under treatment was observed (32%) and was signifi-
cantly associated with cefoxitin underdosage.

Optimal mode of administration and PKin ICU

Cefoxitin is compatible with a wide variety of commonly
used infusion solutions and is stable for continuous
administration for 40 h at 25 °C [45]. Continuous admin-
istration appears to be especially relevant for cefoxitin,
considering its time-dependent activity and its very short
half-life, i.e., 40 min in patients with normal renal func-
tion [8, 37, 46]. In our study, cefoxitin was administered
by continuous infusion with a syringe pump after an ini-
tial bolus in most patients, and we observed PK features
consistent with previous studies. Cefoxitin clearance was
influenced by renal function and RRT. We observed a
quasi-linear relationship between cefoxitin clearance and
CCR, and cefoxitin clearance was higher than CCR, as
reported previously [41, 46, 47], consistent with cefoxitin
renal elimination via both glomerular filtration and active
tubular secretion.

Our PK results identified a very large variability of
cefoxitin PK in critically ill patients, as expected. PK/PD
simulations showed that dosage requirements strongly
depend on renal function and bacterial MIC. The stand-
ard doses of cefoxitin (6 g/24 h) appeared insufficient to
achieve PK targets, which is consistent with prior find-
ings in the medical settings [48]. Indeed, doses up to
12 g/24 h appear necessary to achieve the recommended
beta-lactam PK/PD target (fT,,;c=100%) in critically
ill patients for MIC up to 4 mg/L in patients with nor-
mal renal function. Even larger doses would be neces-
sary in patients with augmented renal function and/or
higher MIC, which raises safety concerns, as doses larger
than 12 g/24 h have not been clinically evaluated, to our
knowledge. Our results are consistent with those from
Isla et al. [41] in the perioperative setting, who reported
that cefoxitin should be administered every hour to main-
tain serum free concentration above 8 mg/L in patients
with CCR of 100 mL/min. Continuous IV administra-
tion, high doses, dose adjustments on renal function,
and MIC determination appear necessary to optimize
cefoxitin PK/PD in ICU patients, and therefore consider
cefoxitin as a treatment for ESBL-PE in ICU patients,
as suggested earlier in other settings [46] or with other
beta-lactams [36]. However, cefoxitin dosage based on
PK/PD simulations are set to maximize PTA and may not
be suited for all patients, as they may be associated with
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| Patient with suspicion of infection in the ICU |

!

| Microbiological sampling, probabilistic antibiotherapy |

I

| Reception of microbiological results: cefoxitin-susceptible ESBL-PE |

'

| Broad-spectrum molecule sparing alternative: cefoxitin can be used |

I

| Loading dose (2g)" followed by continuous IV |

!

Estimated MIC
Renal function
<4mg/L 4 <MIC < 8mg/L &
(CCR gy in ml/min or — —
RRT) Cefoxitin dose Cefoxitin dose
required for MIC =4 | required for MIC = 8
mg/L (g/24h) ® mg/L (g/24h) ™
RRT* 2 4
10 2 2
20 2 4
30 4 6
40 4 8
50 6 10
60 6 12
70 8 >128
80 8 >128
90 10 >128
100 10 >128
110 12 >128
120 12# >128
>120 >128 >128

!

TDM at 12-24h

Fig. 2 Proposed decision and posologic algorithm for cefoxitin use in ICU patients with ESBL-PE infection. "Proposed loading dose and consider
measuring the MIC with £-test in this situation. “Cefoxitin dosages required for achieving PTA > 90% for target 100% T, at 48 h, considering
the maximal possible value for MIC in this interval of estimation (i.e,, 4 mg/L (left) and 8 mg/L (right)). £Corwsidering a continuous RRT and using
standard parameters (blood flow rate 250 mL/min, ultrafiltration rate 2000 mL/h). “The computed PTA for CCRgyy =120 mL/min and a dose of

12 g/24 h was 89.5%, which was rounded to 90% and considered as acceptable. SThe use of a dosage of cefoxitin above 12 g/24 h has not been
reported so far. The absence of data concerning toxicity and uncertainty considering the possible non-linear PK over such dosage should be kept
in mind. CCR,, creatinine clearance based on ideal body weight, /CU intensive care unit, ESBL-PE extended-spectrum beta-lactamase producing
Enterobacterales, T, proportion of time with free cefoxitin serum concentration over the minimum inhibitory concentration, MIC minimum
inhibitory concentration, PK pharmacokinetics, PTA probability of target attainment, TDM therapeutic drug monitoring, RRT renal replacement
therapy, ICU intensive care unit

too high serum concentrations in some individuals. TDM
is required to avoid overexposure when initial cefoxitin
doses are chosen based on PK/PD simulations. We pro-
pose here an algorithm for guidance in the use of cefoxi-
tin in ICU settings, based on our PK modeling (Fig. 2).

Cefoxitin efficacy in ICU

Previous studies have reported a high success rate of
cefoxitin treatment in small series of non-ICU patients
with urinary tract infections [14—17]. Apart from this

indication, studies assessing cefoxitin efficacy are scarce
but reported a high rate of success, ranging from 85 to
95% depending on the site of infection [18]. A previous
study comparing cefmetazole—another cephamycin—
and carbapenems showed a high rate of success in the
treatment of ESBL-PE bacteremia [19]. However, higher
failure rates are expected in the ICU setting.

As alternatives for the treatment of ESBL-PE, cepha-
mycins have rarely been compared with carbapenems
[20, 42, 43] and exclusively in non-ICU patients. In the
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present study, cefoxitin failure rate against ESBL-PE
infections was 63%, slightly higher than the carbapen-
ems or piperacillin—tazobactam failure rates reported
for severe ESBL-PE infections (54%) in a retrospective
study on 107 critically ill patients, sharing a comparable
definition of treatment failure [44]. Several reasons might
explain this failure rate in the ICU setting. First, some
patients might present a persistence of cultural growth of
ESBL-PE after treatment that might be considered erro-
neously as a persistent infection. Secondly, some situa-
tions of clinical worsening under appropriate antibiotic
therapy are sometimes wrongly attributed to an uncon-
trolled initial infection. Finally, mortality in this setting
is often multifactorial (i.e., not always attributable to an
uncontrolled infection) while included in the definition
of failure in the above-mentioned studies, as it was the
case in our study in 7 patients.

Safety and tolerance

Cefoxitin use is deemed safe in many infectious situa-
tions [13]. In a small series of 38 miscellaneous infec-
tions, cefoxitin was well tolerated, with the exception of
4 cases of acute kidney injury, 6 cases of elevated eosin-
ophilic cells counts, and burning feeling at intravenous
site during infusion [18]. Case reports reported the fol-
lowing complications: hemolytic anemia [49], exfolia-
tive dermatitis, neutropenia and Clostridioides difficile
colitis [50]. Former data identified good renal tolerance
of cefoxitin, even in patients with chronic kidney disease
[51]. However, most data were observed in the periopera-
tive prophylactic setting [21]. To our knowledge, no tox-
icity serum concentration threshold has been defined for
cefoxitin so far. Limited information exists on the toler-
ance of high-dose cefoxitin. In patients treated for Myco-
bacterium abscessus infection with doses up to 12 g/24 h,
tolerance was described as moderate to poor, with a high
rate of hematologic toxicity (51%) and hepatotoxicity
(15%) [52]. However, these patients also received other
antimicrobial agents, questioning the direct involve-
ment of cefoxitin in observed toxicity. In our study, acute
kidney injury was relatively frequent, but critically ill
patients often combine multiple risk factors for acute
kidney injury (not only drug exposure). Clostridioides dif-
ficile infection occurrence was low, in contrast with pre-
vious reports [50]. Overall, clinical tolerance of cefoxitin
in the ICU appeared good, even in patients with cefoxitin
serum concentration over 100 mg/L.

Impact of cefoxitin exposure on cephamycin-susceptibility
The ecological impact of cefoxitin is supposed to be
lower than that of carbapenems. However, it may not
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be negligible, since acquisition of cefoxitin-resistance
has been reported, specifically in Klebsiella pneumonia
and related to porin deficiency [23]. As a consequence, a
lower efficacy is expected in the treatment of Klebsiella
pneumonia infections compared with other Enterobac-
terales such as Escherichia coli [22, 23, 25]. This cau-
tion is debated though, as such a mechanism has also
been found in Escherichia coli [24]. Furthermore, some
authors found cefoxitin equally effective in both Escheri-
chia coli and Klebsiella pneumoniae urinary tract infec-
tions with a low rate of resistance acquisition [15]. In our
study, acquisition of resistance was quite frequent, and
was associated with low exposure. However, Klebsiella
pneumonia was not significantly associated with acquisi-
tion of cefoxitin-resistance (Additional file 8: Table S4),
questioning the relevance of this theoretical risk of lower
efficacy of cefoxitin in Klebsiella pneumoniae infections
related to porin loss. Nevertheless, the low statistical
power of our study may explain this finding. Further-
more, as the antibiogram for ESBL-PE found in fecal
swab was not systematically performed during follow-up
(it was systematically performed for ESBL-PE found in
any other biological samples though), the rate of resist-
ance acquisition might have been under-evaluated in our
study.

Limitations and strengths

Our study has several limitations. Its retrospective
design may have induced an information bias. The lack
of a control group precludes firm conclusions regarding
clinical efficacy and safety. Nevertheless, a large previ-
ous study regarding the efficacy of carbapenems in ICU
ESBL-PE infections [44] was consistent with our findings
in terms of failure rate. As only 30% patients present-
ing with cefoxitin-susceptible ESBL-PE infection in our
center were treated with cefoxitin, a selection bias cannot
be ruled out. Regarding TDM and PK analysis, the sam-
pling was sparse and not performed at the same time for
all patients.

Nevertheless, our study has several strengths: this is
one of the largest cohorts of patients treated with cefoxi-
tin in the ICU reported so far. Furthermore, this study is
the first providing PK data on cefoxitin in the ICU setting.
In addition, we provide the first dose recommendations
in critically ill patients based on PK modeling, which may
be helpful for clinicians. Also, the PK analysis provides
data that might be used for questioning the relevance of
the susceptibility breakpoint for cefoxitin. Finally, this
study may help designing a complementary prospective
comparative study so as to determine whether cefoxitin is
an acceptable alternative for carbapenems.



Chabert et al. Annals of Intensive Care (2022) 12:90

Conclusion

In this study performed in critically ill patients, continu-
ous administration of large doses of cefoxitin appeared
necessary to achieve the recommended beta-lactam PK/
PD target in patients with normal renal function, at the
price of unnecessary high serum concentrations in some
patients. Renal status, MIC determination and TDM may
be useful for dosage individualization in this setting. The
cefoxitin safety profile was favorable, but we observed a
high rate of cephamycin-resistance emergence.
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