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Antimicrobial  treatments for extensively drug-resistant
Acinetobacter baumannii (XDR-AB) infections have proven
lackluster, while dosing challenges in patients receiving
continuous renal replacement therapy continue. We describe a
patient receiving cefiderocol, ampicillin/sulbactam, and tigecycline
for XDR-AB while undergoing continuous venovenous
hemodiafiltration. The clinical course, cefiderocol and sulbactam
pharmacokinetics, and synergy assessments are described.
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Carbapenem-resistant Acinetobacter baumannii (CRAB) infec-
tions are difficult to manage given a myriad of resistance mech-
anisms that give rise to extensive drug resistance (XDR; ie,
nonsusceptible to >1 agent in all but <2 antibiotic classes) or
pan drug resistance (PDR; ie, nonsusceptible to all classes),
which leads to treatment failure and mortality [1-4]. Recent
guidance from the Infectious Diseases Society of America
(IDSA) on treatment of CRAB infections states that “there is
no standard of care” antibiotic regimen. Unfortunately, defin-
itive data assessing the use of 1 agent vs a combination of agents
are lacking; the use of 2 or more agents is currently suggested
for severe CRAB infections [5, 6].
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Cefiderocol is a novel siderophore cephalosporin that has in
vitro activity against many gram-negative bacteria including
A. baumannii and has received approval for treatment of such
infections [7]. However, during the CREDIBLE-CR trial, pa-
tients with CRAB demonstrated higher microbiologic failure
and mortality when treated with cefiderocol monotherapy vs
best available therapy [8]. Additionally, a case series where cefi-
derocol was predominately used as monotherapy for XDR-AB
reported that 54% of critically ill patients with ventilator-
associated pneumonia (VAP) experienced microbiologic failure
[4]. While the use of cefiderocol as part of a combination regi-
men appears advisable in the setting of critical illness and severe
infection with XDR-AB, limited in vitro data are available to
support the choice of an agent(s) [9].

Herein, we report the use of a combination regimen including
cefiderocol, ampicillin-sulbactam, and tigecycline in a critically
ill patient with XDR-AB VAP on continuous venovenous hemo-
diafiltration (CVVHDEF). Given previous reports of higher risk
of clinical failure with novel beta-lactams in critically ill patients re-
ceiving continuous renal replacement therapy (CRRT) and the
dearth of data on combination therapy, we characterized the cefi-
derocol and sulbactam plasma profiles and pharmacokinetic/phar-
macodynamic (PK/PD) attainment and assessed synergy [10, 11].

CASE

A 65-year-old Caucasian male with a medical history of hyper-
tension and mild chronic obstructive pulmonary disease
(COPD) was admitted for a planned operative repair of a thor-
acoabdominal aortic aneurysm (TAAA) in December 2021.
Postoperatively, he was found to have absent pulses on his
left lower extremity (LLE) with mottling and had to have bilat-
eral femoral cut-downs and LLE thrombectomy with stent
placement in the left external iliac. He was transferred to the in-
tensive care unit, intubated, and in hemorrhagic shock due to
significant operative blood loss that was further complicated
by acute renal failure and anuria leading to initiation of
CVVHDE. Further evaluation also revealed that the patient
had bilateral (b/l) renal artery partial occlusion, for which he
had b/l renal artery stenting and a right renal artery nonocclu-
sive thrombus that was suctioned. On post-op day 3, there were
increased lower lobe infiltrates, and bronchoalveolar lavage
(BAL) culture revealed only normal flora. On post-op day 7,
the patient developed Escherichia coli pneumonia that was pan-
susceptible, and he was treated with cefazolin. He remained
hypoxemic with high ventilator requirements. On day 12,
BAL grew XDR-AB, and he was empirically given cefiderocol
2 g every 12 hours (3-hour infusion) and minocycline 200 mg
every 12 hours (1-hour infusion). Cefiderocol dosing started
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Table 1.

Phenotypic Profile of A. baumannii Isolates From the Case Patient

Drug MIC and CLSI Interpretations

Day of Hospitalization Source Isolate Cefiderocol A/S? IPM TIG MIN
12 BAL A B#1 1(S) 64 (R) >8 (R) 2 32 (R)
34 BAL A B#2 0.25 (S) 64 (R) >8 (R) 2 ND
44 Sputum/endotracheal aspirate A B#3 ND 64 (R) >8 (R) ND ND
45 Peritoneal fluid A. B #4 ND ND >8 (R) ND ND

Abbreviations: A/S, ampicillin/sulbactam; CLSI, Clinical and Laboratory Standards Institute; IPM, imipenem; MIC, minimum inhibitory concentration; MIN, minocycline; ND, not determined;

(R), resistant; (S), susceptible; TIG, tigecycline.
#MICs are representative of sulbactam concentrations.

as 2 g every 12 hours (3-hour infusion); however, on day 3 of
therapy, minocycline susceptibility results were resistant per
Clinical and Laboratory Standards Institute (CLSI) guidelines,
with a minimum inhibitory concentration (MIC)>16 mg/L
(Table 1), while tigecycline susceptibility results were uninter-
pretable, with an MIC of 2 mg/L as the CLSI does not provide
breakpoints for A. baumannii. With the patient still critically ill
on pressors and cefiderocol susceptibilities pending due to a
7-10-day turnaround time for send-outs, therapy modifica-
tions were made by increasing cefiderocol to 2 g every 8 hours
(3-hour infusion) while an effluent rate of 3.5 L/h continued.
Further modifications were made, switching minocycline to ti-
gecycline and adding ampicillin-sulbactam. Despite a resistant
ampicillin-sulbactam (MIC > 16 mg/L), a high-dose regimen
of 9 g every 8 hours over 4 hours was selected per the recent
IDSA’s guidance on the treatment of severe CRAB even if the
isolate is not susceptible [5]. The patient improved, completing
an 8-day course of cefiderocol combination therapy for VAP,
and appeared to achieve microbiologic cure, with a repeat
BAL finalizing as oropharyngeal flora on day 27 of admission.

Unfortunately, the patient’s clinical course was further com-
plicated when Candida albicans grew from the blood, prompting
concern that the aortic graft had become infected. The patient
remained ventilated throughout the course of his hospital stay,
and on day 34, gram-negative rods were identified on BAL,
prompting re-initiation of cefiderocol, tigecycline, and
ampicillin-sulbactam. Escherichia coli and XDR-AB were identi-
fied from the BAL culture. A few days later, a Helicobacter pylori
antigen test was positive, and on day 45 the patient was taken to
the operating room, where a gastric perforation was found with
frank purulent fluid. Cultures from a peritoneal fluid sample
speciated Candida parapsilosis & XDR-AB. The patient’s family
requested that he be transitioned to comfort care. No adverse
events were attributed to the administration of cefiderocol, tige-
cycline, or the ampicillin-sulbactam combination.

PHARMACOKINETIC ANALYSIS

Plasma samples were collected while the patient was undergoing
CVVHDF following the 15th and 8th doses, respectively, of ce-
fiderocol and ampicillin/sulbactam. Samples were drawn at 0, 1,

2, 3,5, 6, and 8 hours. Additionally, 2 post-hemodialysis filter
plasma samples were collected at 4 and 8 hours concurrently
with prefilter plasma samples to assess CVVHDF clearance
(CLcvvapr)- Plasma samples were stored at —80°C and shipped
on dry ice to Keystone Bioanalytical, Inc. (North Wales, PA,
USA), for cefiderocol concentrations using a validated LC/
MS/MS analysis, while sulbactam concentrations were assayed
at the Center for Anti-Infective Research and Development
(Hartford, CT, USA) using a validated method. Tigecycline
PK analysis was not undertaken as previous reports have de-
scribed its PK in patients undergoing CRRT [12, 13].

Plasma concentrations of cefiderocol and sulbactam were
modeled using Phoenix WinNonLin (version 8.3; CERTARA,
Princeton, NJ, USA). Free plasma concentrations were
corrected using the reported percent protein binding in each
drug’s package insert (cefiderocol: 50% [7]; and sulbactam:

38% [14]). The CLcyvuapr Wwas calculated using
[Cpre- Qplasmal~[Cpost-(Qplasma—QUE)] ;¢ b eviously described, where
Cpre p y >

Cpre is the prefilter concentration, Cp,g is the postfilter concen-
tration, Qplasma is the blood flow corrected for hematocrit, and
Qur is the ultrafiltration flow rate [15]. CVVHDF was conduct-
ed using the Prismaflex filter AN69 high flux, M100 membrane
set (Gambro, Meyzieu Cedex, France).

The derived PK parameters were then used to simulate the
plasma time profile. The pharmacodynamic assessment of the
cefiderocol pharmacokinetic simulation was evaluated using a
pharmacodynamics target of 88.1% fI'> MIC. This target was
derived from an A. baumannii in vivo pneumonia murine in-
fection model [16]. Against A. baumannii, sulbactam is the ac-
tive agent, with no synergy upon ampicillin addition; thus only
this compound was modeled for efficacy [17].

The patient’s CVVHDEF settings were as follows: Blood flow,
dialysate, replacement fluid (continuous pre- and postfilter re-
placement), prepump blood flow, and ultrafiltrate flow rates
were 200 mL/min, 2.5 L/h, 0.5 L/h, 0.5 L/h, and 1 L/h, respec-
tively. The patient had no urine output during the dosing
and sampling time periods, indicating that no residual renal
function was present.

Cefiderocol PK was best described by a 1-compartment model.
Half-life, clearance, and volume of distribution (V) were
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Table2. Pharmacokinetic Parameters and CVVHDF CL of Cefiderocol and
Sulbactam

Cefiderocol 2g 8 Sulbactam 3g g8°

Parameter (3-h Infusion) (4-h Infusion)
Vg, L 33.80 33.36
K10, h™" 0.10 0.16
Half-life, h 6.80 4.27
Crnaxs Mg/L 50.10 66.15
CL, L/h 3.40 5.41
Clcwhpr, L/h 3.53 3.72

Abbreviations: CL, clearance; CVVHDF, continuous venovenous hemodiafiltration.
#Administered as ampicillin 6 g/sulbactam 3 g given every 8 h via a 4-h infusion.

6.8 hours, 3.4 L/h, and 33.8 L, respectively. Cefiderocol maxi-
mum concentration (C,,,) and free area under the concentration
time curve (fAUCy_,4) were 50.1 mg/L and 847.82 mg h/L, re-
spectively. Cefiderocol CVVHDEF clearance was 3.53 L/h.
Sulbactam PK was similarly described by a 1-compartment mod-
el, with the following parameters displayed in Table 2.

The simulated plasma time profile of cefiderocol 2 g q8h
(3-hour infusion) provided target attainment for isolates with cefi-
derocol MICs up to 16 mg/L (Table 3). Our analysis accounted for
50% cefiderocol protein binding, which is the midpoint of 40%-
60% protein binding included in the package insert. A follow-up
sensitivity analysis accounting for 60% protein binding of cefider-
ocol provided similar results, with 100% fT > MIC 16 mg/L and
24% fT > MIC 32 mg/L. Sulbactam % fT > MIC remained 100%
for isolates with MICs up to 16 mg/L. Additionally, sulbactam %
ST'>MIC was 90% for isolates with an MIC of 32 mg/mL, while
it was 0% for isolates with an MIC of >64 mg/mL.

TIME-KILL ASSAYS

The susceptibility of the A. baumannii clinical isolates was de-
termined by the broth microdilution method according to CLSI
recommendations (Table 1). Additionally, cefiderocol suscept-
ibility was confirmed by disc diffusion (disc zone 22 mm).
Synergy among the components of the clinical regimen was as-
sessed using time-kill methodology in iron-depleted broth, as rec-
ommended for cefiderocol susceptibility testing. Preliminary
experiments confirmed that iron-depleted broth did not adversely
affect the activity of tigecycline or sulbactam. To determine syn-
ergy, test drugs were added to a bacterial inoculum of

~10” CFU/mL at concentrations equivalent to half of their corre-
sponding MIC. These concentrations were chosen because subin-
hibitory concentrations would allow for a better demonstration of
synergy. Additionally, selected sulbactam and tigecycline concen-
trations emulate in vivo steady-state concentrations (Cg). PK
analysis of sulbactam in this patient revealed a Cg of 43 pug/mL,
while tigecycline C, was estimated to be ~0.6 pg/mL as previously
reported [18]. Therefore, 32 mg/L (half-MIC of 64 mg/L) of sul-
bactam and 1 mg/L of tigecycline (half-MIC of 2 mg/L) were se-
lected. At 0, 3, 6, 9, 12, and 24 hours after incubation, an aliquot
of 100 uL was obtained, and colony-forming units/mL (CFU/
mL) was determined. The combination was considered synergis-
tic if the CFU/mL reduction was >2-log at 24 hours relative to
the most active single agent [19]. CFU/mL for cefiderocol, sul-
bactam, and tigecycline alone was ~7 logs (Figure 1). The com-
bination of any 2 drugs did not result in synergy as the log CFU
reduction varied from 0.61 to 1.6. On the other hand, when ce-
fiderocol, tigecycline, and sulbactam were studied together, a
synergistic 2.15-CFU/mL log reduction was observed (Figure 1).

DISCUSSION

XDR A. baumannii are challenging infections to treat. To date,
the preferred regimen for XDR A. baumannii has not yet been
defined; however, combination therapy is highly recommended
[20]. Adding to the challenge, obtaining optimal antibiotic con-
centrations in critically ill patients undergoing CRRT is crucial,
as insufficient dosing can lead to therapeutic failure [21].
Therefore, understanding drug pharmacokinetics and evaluat-
ing drug synergy could guide future clinical choices.

Cefiderocol, a siderophore cephalosporin with activity
against drug-resistant gram-negative pathogens, has a well-
described PK in healthy subjects and in patients with impaired
renal function [22-24]. Although detailed dosing recommen-
dations in patients with CRRT are enclosed in its package in-
sert, very few real-world published data exist. We previously
described cefiderocol PK in a patient with Pseudomonas aeru-
ginosa pneumonia and bacteremia undergoing CVVHDF
[25]. Another report by Fratoni and colleagues described cefi-
derocol PK in a patient with Stenotrophomonas maltophilia un-
dergoing CVVHDEF [26]. To our knowledge, this is the first
report to evaluate cefiderocol and sulbactam PK in a patient
with XDR-AB receiving CVVHDE.

Table 3. Plasma Pharmacodynamic Profile of Cefiderocol and Sulbactam in the Case Patient

% fT>MIC, mg/L

Drug Regimen 1 2 4 8 16 32 64 fAUCq_24, mg h/L Total AUCq_p4, mg h/L
Cefiderocol 2 g g8 (3-h inf) 100 100 100 100 100 67 0 847.82 1695.64
Sulbactam 39 a8 (4-hinf) 100 100 100 100 100 90 0 1028.72 1659.23

Abbreviations: AUC, area under the curve; MIC, minimum inhibitory concentration.
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Figure 1. Time-kill assay to assess the synergy between cefiderocol (FDC), sulbactam (SUL), and tigecycline (TIG) against A. baumannii AB#1.

PK analysis of cefiderocol revealed that its exposure exceeded
the 88% fT > MIC necessary for 1-log kill for isolates with MICs
up to 16 mg/L (100% fT > MIC). In a sensitivity analysis ac-
counting for highest protein binding reported (60%), cefiderocol
exposure remained above the 88% fT > MIC of 16 mg/L. Given
that the patient’s XDR-AB had a cefiderocol MIC of 1 mg/L, ce-
fiderocol exposure was sufficiently high. Indeed, microbiologic
eradication was seen with initial treatment of XDR-AB VAP,
with a repeat BAL that finalized with oropharyngeal flora on
day 8 of combination therapy; however, the patient remained
on the ventilator during their entire hospital stay, and in the
presence of uncontrolled sources, infection recurred.

Sulbactam exposure at the recommended IDSA dosing of a
3 g q8h 4-hour infusion was not sufficient to achieve target at-
tainment in this patient given that the isolate is highly resistant
(sulbactam MIC of 64 mg/L). The current regimen provided
sufficient exposure for target attainment in isolates with

MICs <16 mg/L. At an MIC of 32 mg/L, the sulbactam % fT
> MIC was 90%; although the exact % fT > MIC of sulbactam
necessary for optimal kill is not yet defined, this exposure
would be considered sufficiently high when considering the ef-
ficacy of other related compounds.

As aresult of the 4-drug clinical regimen, we evaluated the syn-
ergy between cefiderocol, sulbactam, and tigecycline. Given that
this isolate was susceptible to cefiderocol, it would be challenging
to demonstrate an additional benefit of combination therapy us-
ing the steady-state plasma profile observed in our patient (ie,
35mg/L); therefore, we chose subinhibitory concentrations,
0.5% MIC, of cefiderocol to characterize synergy. As a result of
the high MICs of the isolate to both sulbactam and tigecycline,
the steady-state concentration of sulbactam in our patient (ie,
43 mg/L) and that typically observed in VAP patients receiving
tigecycline (ie, 0.6 mg/L) improved the sensitivity of the synergy
assessment as subinhibitory concentrations of all agents were
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utilized [18]. Using this highly cefiderocol-susceptible isolate,
only the combination of cefiderocol, tigecycline, and sulbactam
demonstrated synergy.

This report is not without limitations. While the study in-
cluded only a single patient, given the sparse real-life evidence
of cefiderocol and sulbactam in A. baumannii infections, these
data broaden current knowledge. Second, although the patient
received tigecycline, exposure in this patient was not quantified
as other data are available in patients undergoing CRRT
[12,13]. Third, given that the isolate was susceptible to cefiderocol,
we tested a very low concentration of cefiderocol in time-kill as-
says relative to the human exposure profile with the indicated dos-
ing regimen; thus additional studies should be undertaken with
cefiderocol-nonsusceptible isolates and conventional plasma con-
centrations to fully assess the synergistic potential of combination
therapy against XDR-AB.

In conclusion, in absence of a standard-of-care treatment for
CRAB, the use of multiple agents appears prudent. This study de-
scribed cefiderocol PK as a part of combination therapy with ti-
gecycline and sulbactam in a patient undergoing CVVHDF to
achieve microbiological cure. As would be expected due to the
susceptibility of the pathogen and the dosing regimen of cefider-
ocol, exposures were high and achieved robust target attainment
in this patient. Cefiderocol, sulbactam, and tigecycline adminis-
tered together may have an additional benefit when combined
even in highly resistant isolates. Further evaluations of drug syn-
ergy are warranted with cefiderocol in XDR A. baumannii.
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