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ABSTRACT Ceftriaxone administered as once-daily high-dose short infusion com-
bined with ampicillin has been proposed for the treatment of Enterococcus faecalis
infective endocarditis in outpatient parenteral antibiotic therapy programs (OPAT).
This combination requires synergistic activity, but the attainment of ceftriaxone syn-
ergic concentration (Cs) with the regimen proposed for OPAT has not been studied.
This phase II pharmacokinetic study enrolled healthy adult volunteers who under-
went two sequential treatment phases. During phase A, volunteers received 2 g of
ceftriaxone each 12 h during 24 h followed by a 7-day wash-out. Then the partic-
ipants received phase B, which consisted of a single dose of 4 g of ceftriaxone.
Throughout both phases, each volunteer underwent intensive pharmacokinetic (PK)
sampling over 24 h. Ceftriaxone total and unbound concentrations were measured.
Twelve participants were enrolled and completed both phases. Mean ceftriaxone to-
tal and free concentrations 24 h after the administration of 2 g each 12 h were
86.44 � 25.90 mg/liter and 3.59 � 1.35 mg/liter, respectively, and after the 4-g single
dose were 34.60 � 11.16 mg/liter and 1.40 � 0.62 mg/liter, respectively. Only 3 (25%)
patients in phase A maintained unbound plasma concentrations superior to the sug-
gested Cs � 5 mg/liter during 24 h, and none (0%) in phase B. No grade 3 to 4 ad-
verse events or laboratory abnormalities were observed. Ceftriaxone optimal expo-
sure combined with ampicillin to achieve maximal synergistic activity against E.
faecalis required for the treatment of infective endocarditis remains unknown. How-
ever, the administration of a single daily dose of 4 g of ceftriaxone implies a reduc-
tion in the time of exposure to the proposed Cs. (This study has been registered in
the European Union Drug Regulating Authorities Clinical Trials [EudraCT] database
under identifier 2017-003127-29.)
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Infective endocarditis (IE) is a relative uncommon life-threatening disease (1, 2). The
overall IE incidence rate has remained stable in the past years, although the epide-

miology concerning pathogens and patient characteristics has suffered important
changes (3–5). Now, enterococcal endocarditis represents 10% of IE episodes and its
incidence is growing. Enterococcus faecalis causes 90 to 97% of these infections (1, 6).

Due to the bacteriostatic effect of �-lactam antibiotics against enterococci, relapses
after treatment are not infrequent (5, 7) and combination therapy is required to achieve
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optimal clinical outcomes (6). Aminoglycoside-based regimens combined with a cell-
wall-active agent exhibit synergistic activity and have been recommended as a stan-
dard therapy (1, 2). The emergence and widespread dissemination of high-level
aminoglycoside-resistant (HLAR) strains (8, 9), along with the increase in old and fragile
patients with higher numbers of underlying diseases and increased risk of renal toxicity
(1, 3, 5, 7), have motivated the investigation of new, less aggressive and nephrotoxic
combination regimens (1, 10).

Dual �-lactam therapy has been suggested as an alternative combination therapy
(6–9, 11). In particular, ampicillin plus ceftriaxone combination (AC) has been included
as a preferential option in recent guidelines for HLAR and no-HLAR E. faecalis IE (1, 2)
after showing promising results in large cohort studies in humans (8, 9, 11–13). The
employed regimen consisted of 2 g of ceftriaxone given every 12 h plus 2 g of ampicillin
given every 4 h and the results showed no differences in effectiveness compared with
ampicillin plus gentamicin combination (AG), whereas AC was found less nephrotoxic
(9). Dual �-lactam therapy is based on the synergistic effect between two �-lactam
antibiotics against E. faecalis investigated in several preclinical studies (6, 14–18).
Among dual �-lactam combination, AC is the combination most widely studied (15–18).
Galvaldá et al. investigated ceftriaxone exposure required to obtain this effect and
suggested that ceftriaxone synergistic concentration (Cs) in vitro was 5 to 10 mg per
liter (mg/liter) for most of the isolates (15). Also, based on a humanized experimental
model in rabbit, they hypothesized that the administration of a dosing regimen of 2 g
each 12 h could efficiently achieve those plasma concentrations (9).

Due to the prolonged antibiotic therapy (4 to 6 weeks) required for E. faecalis EI
treatment, AC adaptation for outpatient parenteral antibiotic therapy programs (OPAT)
has been suggested for these patients, as risk of complications decreases after 10 to
21 days of hospitalization and, in clinically stable patients, therapy could be completed
at home. Early discharge through OPAT is then an efficient and safe option which
provides multiple and well-known benefits for both the patients and the health care
system (19–22). For this purpose, it has been necessary to introduce subtle changes in
the inpatient E. faecalis IE regimen. Particularly, 2 g of ampicillin had been administered
each 4 h through an ambulatory programmable infusion pump and 4 g of ceftriaxone
had been administered in once-daily short infusion by the nursing OPAT team. Four
successfully treated patients had been reported with this scheme by our group, but
further research in larger cohorts are warranted (12). Once-daily short infusion avoids
OPAT team twice-daily visit or the use of two infusion pumps simultaneously. However,
doses lower than 4 g presumably would lead to long periods where ceftriaxone
concentrations would be under Cs, which might involve high risk of treatment failure
(23), and higher doses are supported by scarce pharmacokinetic data (24).

Given the lack of information regarding ceftriaxone exposure in the AC regimen
proposed for OPAT, an examination of ceftriaxone high once-daily dose PK profile
seemed necessary. The purpose of this study was to document the PK of ceftriaxone in
healthy volunteers receiving 4 g each 24 h and compare it with 2 g each 12 h in terms
of minimum plasma concentrations and exposure achieved.

RESULTS

Twelve healthy volunteers were screened and included. All completed both PK
phases. All participants were of European (Caucasian) ancestry and 5 participants were
female (42%). Median age was 28 years (range 23 to 65), median weight was 71.8 kg
(range 49.5 to 93.0), and median body mass index (BMI) was 26.1 kg/m2 (range 18.6 to
30.0).

PK parameters for ceftriaxone when administered 2 g/12 h and 4 g/24 h are
summarized in Table 1. Mean total concentration 24 h after the first dose (C24h) and
mean unbound concentration 24 h after the first dose (uC24h) (geometric mean [GM] �

standard deviation [SD]) were 83.39 � 25.90 mg/liter (range 47.98 to 135.73) and
3.59 � 1.35 mg/liter (range 1.43 to 5.72) in phase A and 34.60 � 11.16 mg/liter (range
18.50 to 51.07) and 1.40 � 0.62 mg/liter (range 0.5 to 2.38) in phase B, respectively.
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Above all, ceftriaxone uC24h values higher than the Cs (17) were attained only by 3
patients after 2 g of twice-daily administration. Ninety percent of the volunteers
achieved individual uC values similar to the Cs in all time points for 50% (6 h) and 33.3%
(8 h) of the interval in phase A and B, respectively. After 20 h, none of the volunteers in
phase B and 50% (6/12) in phase A had uC20h values higher than the Cs.

The maximum drug concentrations (Cmax) were higher than those reported (25),
ranging from 248.63 to 394.34 mg/liter for the 2 g/12 h phase and from 322.22 to
563.65 mg/liter for the 4 g/24 h phase. As expected, phase A C24h and uC24h mean
values were necessarily higher than phase B C24h mean value (P � 0.001). However,
ceftriaxone total exposure, measured by the area under the concentration-time curve
from 0 to 24 h (AUC0 –24), was similar in both phases and mean values were (GM � SD)
3,319.6 � 614.3 mg · h/liter in phase A versus 3,035.4 � 573.3 mg · h/liter in phase B
(P � 0.266). Ceftriaxone protein binding varied as a result of changes in total concen-
tration. The mean percentage of protein binding 30 min after the administration of 4
g was 78.46%, and at the end of the study it increased to 95.83%. Mean protein binding
when total concentration dropped under 100 mg/liter was (GM � SD) 95.47 � 1.14%.
Mean ceftriaxone protein binding was 93.38 � 2.15 and 91.40 � 5.65 in phase A and B,
respectively. Individual and mean ceftriaxone unbound plasma concentrations during
phase A and B are shown in Fig. 1 and Fig. 2.

The studied drugs were well tolerated, with no grade 3 to 4 side effects. In total, 7
events were recorded, which were all grade 1 laboratory abnormalities without clinical
significance. Drug-related side effects reported were: neutropenia (n � 4), serum cre-
atinine increase (n � 2), and hyperbilirubinemia (n � 1).

DISCUSSION

In this cohort of healthy volunteers, we observed an uC24h after the administration
of ceftriaxone at 4 g each 24 h and 2 g each 12 h lower than the proposed Cs for
synergistic activity. Ceftriaxone volume of distribution (V), clearance (CL), and half-life
(t1/2) were (GM � SD) 14.00 � 3.90 liters, 1.20 � 0.26 liters/h, and 8.19 � 2.01 h,
respectively, when ceftriaxone was administered at 4 g once daily. The differences in
ceftriaxone PK parameters between both regimens were expected and there was no
variation in total exposure (AUC). Our results reveal that the concentration proposed to
guarantee synergistic activity when coadministered with ampicillin for the treatment of
E. faecalis IE was not achieved after the administration of ceftriaxone at the 4 g
once-daily dose, but neither was it achieved with the gold standard regimen (2 g/12 h).

Based on the encouraging results provided by intrahospital E. faecalis IE series (8, 9,
11), AC is considered a first-option therapy (1, 2). This double �-lactam approach
provides a favorable side effect profile and is equally effective as the previous gold

TABLE 1 Phase A and B mean pharmacokinetic parameters

PK parametera

Dose regimenb

Phase A: 2 g/12 h Phase B: 4 g/24 h

GM � SD Range CV (%) GM � SD Range CV (%) P value

C24h (mg/liter) 83.39 � 25.90 47.98–135.73 31.1 34.60 � 11.16 18.50–51.07 33.7 �0.001
uC24h (mg/liter) 3.59 � 1.35 1.43–5.72 37.64 1.40 � 0.62 0.50–2.38 44.53 �0.001
Cmax (mg/liter) 306.08 � 43.93 248.63–394.34 14.4 417.46 � 68.96 322.22–563.65 16.5 �0.001
uCmax (mg/liter) 33.26 � 10.82 18.24–51.21 32.54 87.99 � 30.83 63.85–144.36 35.04 �0.001
AUC0–24 (mg · h/liter) 3,319.6 � 614.3 2,438.6–4,604.0 18.5 3,035.4 � 573.3 2,056.4–4,306.6 18.9 0.266
t1/2 (h) 8.34 � 2.87 4.58–13.52 34.4 8.19 � 2.01 5.00–12.14 24.5 0.843
kel (h�1) 0.092 � 0.031 0.051–0.151 33.4 0.089 � 0.022 0.057–0.139 24.6 0.843
CL (liters/h) 0.97 � 0.22 0.61–1.31 22.3 1.20 � 0.26 0.82–1.79 21.5 0.028
V (liters) 10.91 � 2.97 6.73–16.62 27.3 14.00 � 3.90 9.35–23.66 27.9 0.043
Normalized V (liters/kg) 0.15 � 0.02 0.12–0.20 15.5 0.20 � 0.05 0.29–0.14 22.9 0.008
aC24h, concentration 24 h after the first dose; uC24h, unbound concentration 24 h after the first dose; Cmax, maximum concentration; uCmax, unbound maximum
concentration; AUC, area under the concentration-time curve; t1/2, half-life; kel, elimination rate constant; CL, clearance; V, distribution volume; normalized V,
distribution volume normalized by weight to liters/kg.

bGM, geometric mean; SD, standard deviation; CV, coefficient of variation.

High-Dose Ceftriaxone for E. faecalis Endocarditis Antimicrobial Agents and Chemotherapy

January 2021 Volume 65 Issue 1 e02099-20 aac.asm.org 3

https://aac.asm.org


standard therapy (1, 2). Also, the negligible cost compared with new antibiotic pro-
posed (26) allows its use despite economic conditions and budget allocations. An
attractive proposal for AC adaptation to OPAT has been suggested by Gil Navarro et al
(12), with favorable results in a small cohort. However, our study shows that the
proposed AC regimen of 4 g/24 h fails to maintain concentrations over the Cs during
24 h. It should be noted that, likewise, the intrahospital AC regimen of 2 g/12 h poorly
attains the target proposed, despite the remarkable clinical outcomes reported (8, 9,
11). Several explanations could be hypothesized to explain the discrepancy between
pharmacokinetic and clinical outcomes.

First, despite the inherent resistance of E. faecalis to ceftriaxone, synergistic activity
of AC combinations against HLAR E. faecalis strains has been demonstrated in vitro, in
experimental models and, finally, in patients. (8, 9, 11, 12, 15, 16). Suggested concen-
trations for ceftriaxone synergistic activity in vitro were 5 to 10 mg/liter. But how long
the AC synergistic activity is required to be maintained to achieve the successful results
seen in human studies is unknown. Due to ceftriaxone lack of activity, it could be
theorized that ampicillin activity should be enhanced during the time necessary to
maximize its activity. �-Lactams are time-dependent antibiotics and the efficacy is
related to sustained drug concentration above the MIC during the dosing interval.
Ampicillin maximal antimicrobial activity requires unbound drug concentrations higher
than the MIC for 50 to 60% of the dosing interval (27, 28). Hence ceftriaxone attainment
of synergistic concentrations through this period would lead to the greatest bacteri-
cidal effect for this combination. In our study, 90% of the patients accomplished this
target only in phase A and, despite low uC24h values obtained, proper exposition
after the administration of 2 g each 12 h might be considered, but not with the 4 g
once-daily dose.

FIG 1 Individual and median (thicker line) ceftriaxone phase A unbound concentration-time curves with standard error bars over 24 h.
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Second, an alternative explanation for the discordance might be based on the lack
of studies testing the synergistic activity using lower ceftriaxone concentrations. Only
one study (17) has tested concentrations below the initially established Cs. This study
showed synergistic activity combining ampicillin at 1 �g/ml and ceftriaxone at 2 �g/ml,
but not with ampicillin at 0.5 �g/ml and ceftriaxone at 1 �g/ml in one E. faecalis strain.
These favorable results require confirmation in further studies involving different strains
and more AC concentrations.

Finally, unknown mechanisms underlying the synergistic interaction between both
antibiotics might be having a strong role in the clinical outcomes. For example, the
prevention and eradication of biofilm formation may be involved. Thieme et al (29)
pointed out that combinations of gentamicin or low concentrations of cephalosporins
with ampicillin may be only advantageous for the treatment of persistent bacteremia
(i.e., planktonic cells) in a nonmature biofilm. This might explain, in an alternative
setting, the basis of the interaction and help us to define new pharmacokinetic targets.

Our study has clear limitations. Subjects were healthy volunteers and thus conclu-
sions cannot be fully extrapolated to E. faecalis IE patients. However, the difficulties
inherent in the low prevalence and the other characteristics of patients suffering from
IE (i.e., frequently older and with several comorbidities), make it highly unlikely it will be
possible to carry out clinical trials in this scenario. Host characteristics derived from age
and the presence of comorbidities and increased fragility (i.e., renal or hepatic insuffi-
ciency) could lead to changes in pharmacokinetic and pharmacodynamic features.
Indeed, ceftriaxone binding to plasma proteins is affected by variations in a patient’s
physiopathology and saturation of the binding sites (30). The free AUCs in the geriatric
patients were disproportionately higher than in the younger individuals because of the
effects of aging on plasma protein binding (31). If the free fraction and protein-binding

FIG 2 Individual and median (thicker line) ceftriaxone phase B unbound concentration-time curves with standard error bars over 24 h.

High-Dose Ceftriaxone for E. faecalis Endocarditis Antimicrobial Agents and Chemotherapy

January 2021 Volume 65 Issue 1 e02099-20 aac.asm.org 5

https://aac.asm.org


effects were predominant, the drug could be cleared more rapidly and have a shorter
half-life than otherwise expected, and the overall AUC of this drug would be lower because
drug was displaced. However, the effect of reduced creatinine clearance in the elderly,
lowering the ability to excrete free drug, has been demonstrated to be predominant (31,
32), facilitating higher levels of ceftriaxone at 24 h that could fulfil the desired target.

In conclusion, we investigated the ability of once-daily high-dose ceftriaxone to
achieve the suggested exposure needed to ensure the synergistic activity with ampi-
cillin against E. faecalis in comparison with the clinically proven regimen for the
treatment of infective endocarditis. We found that the administration of 4 g of
ceftriaxone each 24 h implied a reduction in the time of exposure to the proposed Cs.
The target exposure goal was not fully reached by either of the studied regimens,
although ceftriaxone synergistic concentrations were achieved through 50 to 60% of
the dosing interval for the majority of individuals with the two-dose scheme. Therefore,
further studies are needed to define new targets for optimal ceftriaxone exposure and
to identify others factors affecting clinical outcomes of EI E. faecalis patients.

MATERIALS AND METHODS
Study design and intervention. The study design is illustrated in Fig. 3. This was a Phase II,

open-label, nonrandomized, crossover, PK study carried out at the Clinical Trial Unit of the Virgen del
Rocio University Hospital, Seville, Spain.

At screening, participants had a clinical assessment and routine laboratory investigations were
performed. After successful screening, eligible participants received two phases of treatment. Phase A
consisted of the administration of 2 g of ceftriaxone infused each 12 h during 24 h, which was followed
by a wash-out period (7 days). The same participants received phase B treatment consisting of the
administration of a single daily dose of 4 g of ceftriaxone. All doses were infused over 30 min. Each
volunteer underwent intensive PK sampling on both phases to measure ceftriaxone plasma concentra-
tions. The first blood sample was taken just before the subject received each treatment phase at the
research center (t � 0 h). Phase A samples were collected at fixed time points of 0.5, 1, 2, 3, 6, 8, 10, 12,
12.5, 13, 14, 15, 18, 20, 22, and 24 h and phase B samples at 0.5, 1, 2, 3, 6, 8, 10, 12, 16, 20, and 24 h, and
the exact sampling times were recorded. Follow-up visits occurred on days 14 and 28 (phone visit). The
day-14 visit included a clinical assessment and routine laboratory investigations. The safety and tolera-
bility of study medications were evaluated throughout the trial (on treatment phases and at follow-up
visits). All potentially related side effects were recorded.

Participants. Eligible participants were healthy volunteers aged older than 18 years, weighing
between 40 and 180 kg with a BMI lower than 34 kg/m2. Participants were excluded if they had any of
the following: significant acute or chronic medical illness; an abnormal physical examination or clinical
laboratory determination; a current infectious disease; treatment with cephalosporins in the 21 days
before the trial; active treatment with any drug that could have interactions with ceftriaxone, including
over-the-counter medications and herbal preparations; or previous allergy to any of the constituents of
the pharmaceuticals administered during the trial. All participants provided written informed consent
before their inclusion.

PK sample collection and quantification of plasma ceftriaxone. Blood samples were collected
into EDTA-containing blood tubes at each time point, immediately inverted several times, centrifuged
10 min at 3,000 � g, and then plasma was collected and stored at �80°C until analysis.

Total and unbound plasma concentrations of ceftriaxone were measured by a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) assay using methods described elsewhere and
adapted to measure unbound concentrations (33). The unbound fraction was isolated by ultrafiltration
at 37°C with an Amicon Ultra-0.5 ml 30,000 molecular weight cutoff centrifugal filter device (Millipore,
Cork, Ireland). Total and unbound standard curves were highly linear over the range of 5 to 1,000 �g/ml
and 0.5 to 200 �g/ml, respectively. The lower limits of quantification were 3 and 0.5 �g/ml for total and
unbound ceftriaxone, respectively. The accuracy and precision were 100% � 15% and �15%, respec-
tively. Validation of the method was performed per the Food and Drug Administration (FDA) guidelines,
and the results met the acceptance criteria.

FIG 3 Study design.
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Pharmacokinetics analysis. For the ceftriaxone PK profiles, the maximum concentration (Cmax) and
the concentrations 24 h after the first dose with respect to total (C24h) and unbound (uC24h) ceftriaxone
were the observed values. Mean percentage of protein binding was calculated for each time point. All
PK parameters were calculated using actual blood sampling time and noncompartmental modeling
techniques using the Excel add-in PKSolver from Zhang et al (34). The area under the plasma
concentration-time curve from 0 to 24 h (AUC0 –24) was calculated using the linear trapezoidal method.
Interindividual variability in drug PK parameters and concentrations was expressed as a percentage
coefficient of variation (CV, [SD/mean] � 100).

Statistical power. Descriptive statistics were used to report volunteers’ clinical characteristics and
ceftriaxone plasma PK parameters. Continuous variables were expressed as medians (range) or geometric
means (GM � SD), and categorical variables were expressed as numbers of cases and percentages. Drug
PK values were calculated in each phase and compared between phases. Continuous variables were
compared using the two-tailed t test or Mann-Whitney U test, as appropriate. Associations with P values
of �0.05 were considered statistically significant.

Ethics. This study was approved by the Ethics Committee for Clinical Research of the Virgen del Rocío
University Hospital and the Spanish Agency of Medicines and Healthcare Product (AEMPS) and was
conducted according to Good Clinical Practice and the Declaration of Helsinki. The study has been
registered by the AEMPS, the European Medical Agency and ClinicalTrials.gov (EudraCT number 2017-
003127-29).
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