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ABSTRACT Neonatal doses for the off-patent antibiotics fosfomycin and flomoxef,
which offer coverage against many extended-spectrum beta-lactamase (ESBL)-produc-
ing organisms, are based on limited data. We performed a pharmacokinetic (PK) and
safety study of fosfomycin and flomoxef to confirm proposed neonatal dosing before
further investigation in a trial (NeoSep1, ISRCTN48721236). Neonates with suspected
sepsis, weighing more than 1,000 g, were sequentially enrolled into three antibiotic
treatment cohorts: fosfomycin and amikacin (Cohort 1), flomoxef and amikacin (Cohort
2), and flomoxef and fosfomycin (Cohort 3), and followed for 28 days. Plasma sam-
ples were taken for PK assessment, with population PK modeling and simulations
performed. Sixty-two neonates (48/62 [77%] preterm; 48/62 [77%)] <7 days postnatal age
[PNA]) received at least one dose of study antibiotics. Fosfomycin and flomoxef plasma
concentrations were best described by a two-compartment and a one-compartment
model, respectively, with postmenstrual age and PNA significantly influencing clearance.
The probability of target attainment for fosfomycin was 100% for minimum inhibitory
concentrations (MICs) of up to 8 mg/L, and for flomoxef, it was 100% for MICs of up
to 0.5 mg/L. Adverse events (AEs) were common in this critically ill cohort. Thirteen
(21%) neonates developed 19 trial antibiotic-related AEs (17 with grade <2, and 2 of
grade 3), none of which required modification or discontinuation of allocated treatment.
Seven neonates (11.6%) died. In this predominately preterm population, fosfomycin and
flomoxef were safe, with drug exposures similar to published studies supporting the
proposed doses for the larger, randomized NeoSep1 trial.
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nfections are prevalent during the first month of life and represent one of the leading

causes of neonatal mortality worldwide (1). In 2017, an estimated 1.3 million cases of
neonatal sepsis were reported globally, with approximately 203,000 sepsis-attributable
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deaths (2). The burden of neonatal infectious diseases is particularly high in sub-Saharan
Africa and Asia, where antimicrobial-resistant (AMR) Gram-negative organisms, such
as extended-spectrum-beta-lactamase (ESBL)-producing Klebsiella pneumoniae (3, 4),
are highly prevalent. This pathogen and AMR profile undermine the effectiveness of
WHO-recommended first-line (ampicillin or penicillin plus gentamicin) and second-line
(third-generation cephalosporins) empiric treatment for neonatal sepsis in low- and
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middle-income countries (LMICs) (5, 6), underscoring the urgent need for alternative
affordable antibiotic regimens.

Fosfomycin and flomoxef are off-patent intravenous (IV) antibiotics that may be
used in combination with each other or with amikacin (7-9) to treat neonatal sepsis in
settings with a high prevalence of AMR. Fosfomycin is a phosphonic acid derivative with
good bactericidal activity against a wide spectrum of Gram-positive and Gram-negative
bacteria (10), with approximately 80-90% of the drug recovered unchanged in urine
through glomerular filtration (11, 12). Flomoxef is an oxacephem class -lactam antibiotic
with high levels of activity against both Gram-positive and Gram-negative bacteria (10),
and 85% of the drug cleared by the kidney unchanged (13). These antibiotics provide
good coverage against common AMR strains, such as ESBL-producing Enterobacteria-
ceae; however, clinical trials adopting an optimized neonatal dosing regimen are needed
to confirm the effectiveness and safety of these novel antibiotic regimens.

To address this knowledge gap, the NeoSep1 trial was designed as an open-label,
two-part, randomized controlled trial comparing fosfomycin and flomoxef, in combina-
tion with each other or with amikacin, to other currently used antibiotic regimens for the
empiric treatment of neonatal sepsis. Part 1, reported here, was a run-in pharmacokinetic
(PK) and safety study to confirm the safety and therapeutic exposures of the planned
fosfomycin and flomoxef dosing regimens, ahead of the Part 2 randomized controlled
trial evaluating the effectiveness of these regimens, which is currently underway.

RESULTS

Between March and November 2023, 67 neonates were screened for eligibility. Of these,
65 were enrolled in the study (52 from South Africa; 13 from Kenya), with two neonates
excluded. Three enrolled neonates were excluded from the analysis as they did not
receive any study antibiotics (Fig. 1). The final analysis, therefore, included 62 neonates
who received at least one dose of study antibiotics (Table 1), 48 (77%) were preterm, and
48 (77%) were <7 days PNA at the time of enrollment.

At presentation, neonates had a NeoSep severity score ranging between 5 and 9
across all cohorts (Table S1 in supplemental material). All neonates were started on
standard-of-care empiric IV antibiotics prior to enroliment, but none for >24 h (eligibility
criterion). The type of empiric antibiotic, organisms isolated from blood cultures, and
initial chemistry assessments are summarized in Table 1. The median (range) plasma
sodium values were 140 (127-150) mmol/L on day 1 and 142 (127-154) on day 5.
Laboratory values over time and by cohort are presented in Tables S2 and S3 of the
supplemental material. At a median (range) of 7 (1-20) days after enrollment, non-study
antibiotics were started in 20 of 62 (32%) neonates for subsequent episodes of sepsis.
Table S4 in supplemental material summarizes the reasons for antibiotic initiation, types
of antibiotics, and pathogens isolated from sterile-site cultures.

On day 28, 50 of 62 neonates (81%) had completed the study. Seven neonates died
during the study period (11%), one neonate (2%) withdrew after receiving a single dose
of study antibiotics, and four (6%) were lost to follow-up after hospital discharge and
before day 28.

Pharmacokinetics of fosfomycin and flomoxef

Sixty-one of the 62 neonates enrolled were included in the PK analysis. One neonate
was excluded due to difficulties with phlebotomy leading to missing samples. Of the
61 neonates who were included in the PK analyses, 60 had the three pre-specified PK
samples collected on day 1, and one neonate only had 2 PK samples taken. Nineteen
neonates had a pre-dose sample on day 5.

Fosfomycin PK model

One hundred thirty-eight plasma fosfomycin concentrations from 41 neonates (21 in
Cohort 1 and 20 in Cohort 3) were available. Two neonates in Cohort 1 had extremely
low fosfomycin concentrations on day 1. These were from twins who were dosed on
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FIG 1 Trial profile of NeoSep1 Part 1. (1) Withdrawn. (2) PK processing was unavailable at the time for two neonates.

the same day with very low concentrations deemed as outliers and excluded from the
analysis. Fosfomycin concentration-time profiles of individual participants are shown in
Fig. 2A. The early, middle, and late median concentrations after the first dose were 195,
164, and 98 pg/mL, respectively. A two-compartment model with first-order elimina-
tion best described plasma fosfomycin concentrations. Including body weight as an
allometric function for both CL and Vd improved the model fit (AOFV = —35.62). Renal
maturation as a function of PMA was also a significant covariate on CL (AOFV = —11.50).
Postnatal age (PNA) significantly influenced CL (AOFV = —12.66), as did SCR on CL (AOFV
= —=22.70). Although including SCR on CL led to a larger decrease in OFV, based on
prior studies, age was more likely to explain the interpatient variability in renal function
rather than SCR immediately after birth. Following the inclusion of PNA, the impact
of SCR was not significant. The covariates included in the final fosfomycin PK model
were body weight, PMA, and PNA. GOF diagnostics of the final model showed adequate
fit to the observed data. A few outliers were observed, but no noticeable differences
in characteristics/laboratory tests were identified (Fig. S1 in supplemental material).
The VPC indicated a good predictive performance (Fig. S2 in supplemental material).
Population PK parameter estimates from the final fosfomycin PK model are presented in
Table S5 in supplemental material, and the Bayesian post-hoc PK parameters are shown
in Table 2. The median plasma fosfomycin AUCy_4 was 3,513 mg-h/L on day 1 (n = 39)
and 2,625 mg-h/L on day 5 (n = 16). A boxplot of predicted AUCy_»4 on days 1 and 5 for
fosfomycin is shown in Fig. S5A of supplemental materials.

Flomoxef PK model

A total of 134 flomoxef plasma concentrations from 40 neonates (20 in Cohort 2 and
20 in Cohort 3) were included. No flomoxef concentrations were below the LLOQ. The

February 2026 Volume 70 Issue 2

10.1128/aac.01126-25 3


https://doi.org/10.1128/aac.01126-25

Downloaded from https://journals.asm.org/journal/aac on 08 June 2026 by 81.179.244.38.

Full-Length Text Antimicrobial Agents and Chemotherapy

TABLE 1 Baseline characteristics?

Cohort 1 Cohort 2 Cohort 3 Total
Fosfomycin/ amikacin Flomoxef/ amikacin Fosfomycin/ flomoxef enrolled
N=21 N=21 N=20 N=62
Baseline characteristics
Sex: female 8(38) 12 (57) 14 (70) 34 (55)
Gestational age at birth (weeks) 31[27,38] 3426, 40] 3230, 42] 32[26,42]
Birth weight (grams) 1,285 1,670 1,682 (1,180, 2,970] 1,478
[875, 3,105] [870, 3,310] [870, 3,310]
Postnatal age at enrollment (days) 31[1,23] 2(2,28] 2[1,8] 21[1,28]
Time in hospital (days) 110, 23] 1[0, 26] 11[0,7] 110, 26]
Baseline chemistry values
Sodium (mmol/L) 138 141 141 140
[127,149] [131,150] [133,150] [127,150]
Potassium (mmol/L) 5.2[3.9,6.3] 5.0[4.0,8.3] 4.8[3.1,6.6] 5.0[3.1,8.3]
Creatinine (umol/L) 63[32,119] 81 [46, 151] 83[34,116] 78[32,151]
Total bilirubin (umol/L) 76[27,170] 54010, 159] 81[2,238] 70[2,238]
Non-trial antibiotic treatment for this sepsis episode prior to enrollment
Ampicillin, gentamicin 9(43) 9(43) 16 (80) 34 (55)
Ampicillin, gentamicin, benzylpenicillin 1(5) 1(2)
Benzylpenicillin 1(5) 1(2)
Benzylpenicillin, gentamicin 1(5) 7 (33) 1(5) 9(15)
Ceftriaxone 1(5) 1(2)
Meropenem 2(10) 1(5) 3(5)
Piperacillin/tazobactam, amikacin 8 (38) 4(19) 1(5) 13(21)
Baseline blood culture
Coagulase-negative staphylococcusb 1(5) 1(5) 2(3)

“Numbers are n (%) or median (min, max).
bConsidered to be contaminants.

flomoxef plasma concentration-time data are shown in Fig. 2B. The early, middle, and
late median concentrations after the first dose were 117, 103, and 50 pg/mL, respectively.
Flomoxef plasma concentration data were best described by a one-compartment model
with first-order elimination. Inclusion of body weight as an allometric function on CL
and Vd improved the model fit (AOFV = —15.79), which improved further when including
renal maturation as a function of PMA on CL (AOFV = —22.91). Incorporating a PNA
function on CL led to a larger decrease in the OFV compared to including SCR on
CL; however, the parameter estimates were not accurately estimated. Since flomoxef
renal drug excretion during the first few days of life is expected to be similar to
fosfomycin (i.e., both drugs are primarily excreted through GFR), the ,; (the fraction of
CL immediately after birth) and qy (the maturation rate constant for the effect of PNA
on CL) parameters were fixed to those from the NeoFosfo trial (0.449 and 0.117 day™',
respectively) (14). Following the inclusion of PNA using these parameters, no statistically
significant improvement was seen by including SCR on CL. The covariates included in
the final flomoxef PK model were body weight, PMA, and PNA. GOF diagnostics showed
adequate fit of the final model to the observed data. Several outliers were observed,
but no noticeable differences in characteristics/laboratory tests were identified (Fig. S3
in supplemental material). The VPC indicated a good predictive performance (Fig. S4 in
supplemental material). The final population PK parameter estimates for flomoxef are
shown in Table S6 in supplemental material, and the Bayesian post-hoc PK parameters
are shown in Table 2. The median plasma flomoxef AUCy_o4 was 2,240 mg-h/Lon day 1 (n
=40) and 1,264 mg-h/L on day 5 (n = 14). A boxplot of predicted AUCy_,4 on days 1 and 5
for flomoxef is shown in Fig. S5B in supplemental materials.
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FIG 2 Observed antibiotic concentration versus time. (A) Observed fosfomycin concentrations vs time on
day 1 for neonates in Cohorts 1 and 3 (n = 39). (B) Observed flomoxef concentrations vs time on day 1 for
neonates in Cohort 2 and 3 (n = 40).

Model simulations and probability of target attainment for fosfomycin and
flomoxef

The probability of target attainment (PTA) for different PNAs achieving targets of a
plasma fosfomycin AUC(_»4/MIC ratio of 83 (bactericidal efficacy) at specific MICs is
shown in Fig. 3A and Table S7 in the supplemental material. For the planned fosfomycin
dosage regimen, the PTA is estimated to be 100% for MICs up to 8 mg/L, and approxi-
mately 90% when the MIC is 16 mg/L (89% for term neonates with a PNA > 8 days).
The PTA of plasma flomoxef %fT>MIC > 40% for different PNAs is shown in Fig. 3B and
Table S8 in supplemental material. For the planned flomoxef dosage regimen, the PTA is
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TABLE 2 Fosfomycin and flomoxef post-hoc secondary pharmacokinetic parameters?

Fosfomycin secondary PK parameters

Day 1 Day 5
Number of subjects 39 16
AUC24 hrs (Mg-h/L) 3,513.1 2,625.0
(1,215.6-10,008.0) (1,045.3-5,777.0)
Cmax (Ma/L) 306.8 (15.9-686.1) 359.1 (56.5-782.1)
Crnin (Mg/L) 47.2(13.2-136.9) 39.8(10.2-128.3)
Tmax (Minutes) 15.7 (13.0-24.0) 16.1(15.1-18.9)
Elimination half-life (hours) 6.4 (2.8-78.7) 5.4 (2.5-17.4)
Flomoxef secondary PK parameters
Day 1 Day 5
Number of subjects 40 14
AUCy4 hrs (Mg-h/L) 2,240.3 1,264.4
(752.8-4,578.1) (765.4-2,234.8)
Crmax (Mg/L) 157.9 (41.6-286.4) 212.8 (142.6-249.2)
Cinin (mg/L) 30.0 (0.9-69.2) 11.3(0.5-44.5)
Tmax (minutes) 19.7 (12.3-40.6) 19.0 (16.2-35.4)
Elimination half-life (hours) 4.1(1.0-18.3) 1.9 (0.9-4.3)

“Data are presented as median (min-max); AUCq_»4, 4 h area under the concentration-time curve; Cpay, maximum
plasma concentration; Cpin, minimum plasma concentration; T ax, time to maximum plasma concentration.

estimated to be 100% for MICs up to 0.5 mg/L and remains over 90% for MICs up to 8
mg/L.

Adverse events

Forty-eight (77%) of 62 neonates had at least one AE during the study (Table 3).
Maximum AE severity was grade 1 or 2 in 28/62 (45%) neonates, grade 3 in eight (13%),
and grade 4 in five (8%). Of the seven neonates (11.6%; 95%Cl: 5.7-22.8) who died, the
median (range) GA was 32 (30-39) weeks, and birth weight was 1,320 (1,120-2,900) g. At
the time of death, all were still inpatients, and two were receiving study antibiotics for
culture-negative sepsis. No deaths were considered related to study antibiotics (Table S9
in supplemental material).

Overall, 23 SAEs were reported in 18 neonates. The most frequent AE (NAESS or
non-prespecified events) observed was neonatal sepsis (worsening or new episode),
occurring in 26 of 62 (42%) neonates. Among these, 16 of 26 (62%) episodes were blood
culture-negative, and 10 of 26 (38%) were blood culture-positive (Table S4 in supple-
mental material:none occurred while neonates were still receiving study antibiotics).
Other commonly reported AEs included hyperbilirubinemia (26/62, 42%), respiratory
insufficiency (15/62, 24%), and anemia (14, 23%), consistent with the clinical profile of
a predominantly preterm population with clinical sepsis. Study teams reported clinically
significant hypernatremia in 9/62 (15%) neonates (twice in two neonates) and hyperkale-
mia in 10/62 (16%) neonates (twice in one neonate) distributed across all three cohorts.

Thirteen (21%) of 62 neonates experienced a total of 19 AEs related to study
antibiotics (Table 3; Table S10 in supplemental material), none of which required
modification or discontinuation of the allocated study antibiotics. All were grade 1 or
2, except for 2 grade 3 AEs: hypokalemia and hepatic dysfunction. Three hypernatremia
events (all grade one or 2) were related to fosfomycin (n = 2) or flomoxef (n = 1); two
resolved spontaneously, and one decreased to 147 mmol/L 3 days later. One hypokale-
mia (grade 3) was considered related to fosfomycin, and six renal insufficiency AEs (all
grade 1 or 2) were deemed related to either fosfomycin, flomoxef, or amikacin. The
fosfomycin-related grade three hypokalemia was observed on day 2 in a 31-week GA
(1,320 g) neonate still on fosfomycin with persistent pulmonary hypertension, who
died the following day. The second possibly related grade 3 AE was in a 32-week
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FIG 3 Probability of target attainment (PTA) for different postnatal age (PNA) groups. (A) PTA for different PNA groups

achieving target AUC(_4/MIC ratio of 83, in simulated neonates after administration of fosfomycin, as per dosing schedule.

Fosfomycin was given at 100 mg/kg intravenously (IV) twice daily for preterm infants if postnatal age (PNA) was <7 days or

current weight <1.5 kg, and at 150 mg/kg IV twice daily if PNA was 28 days and >1.5 kg. Term neonates received fosfomycin

150 mg/kg IV twice daily. The dashed gray line represents a PTA of 90%. (B) PTA for different PNA groups achieving target

%fT>MIC of 40 in simulated neonates after administration of flomoxef, as per dosing schedule. Flomoxef was given at 40

mg/kg IV three times daily if PNA <7 days, and 50 mg/kg IV three times daily if PNA 28 days, regardless of gestational age. The

dashed gray lines represent a PTA of 90%.

preterm infant who had completed 5 days of fosfomycin and flomoxef. This breastfed
infant developed hepatic dysfunction, conjugated hyperbilirubinemia with deranged
liver function tests, approximately one month after initiation of study antibiotics (i.e., 3
weeks after stopping study antibiotics). No definitive cause could be established for the
abnormal hepatic function with spontaneous resolution one month later.

DISCUSSION

The NeoSep1 Part 1 study provides the first evidence supporting the safety of fosfomycin
and flomoxef used together, or in combination with amikacin, in the empiric treatment
of neonatal sepsis within a predominantly preterm population weighing more than
1,000 g. The proposed dosing regimens for fosfomycin and flomoxef achieved ade-
quate exposures consistent with PK parameters in previous neonatal studies. Observed
exposures for both agents are anticipated to be sufficient for bacterial killing of isolates
with MICs up to 8 mg/L.

Very few neonatal PK studies have been performed to establish optimal dosing
of fosfomycin in neonates (15, 16). To improve understanding of fosfomycin use in
neonates, the open-label, randomized NeoFosfo trial compared the safety and PK of
standard-of-care empirical treatment (ampicillin + gentamicin) for neonatal sepsis versus
100 mg/kg twice daily fosfomycin in 61 neonates (>34 GA weeks and >,1500 g) (14).
Fosfomycin plasma drug exposures in the NeoFosfo study were similar to those in our
study. However, the NeoFosfo model highlighted potential limitations of the 100 mg/kg
twice daily dosing regimen in neonates of older PNA and higher weight. To ensure good
PTA for older infants of higher weight, higher fosfomycin doses of 150 mg/kg twice
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TABLE 3 Adverse events, by study cohort®

Cohort 1 Cohort 2 Cohort 3 Total
Fosfomycin/ amikacin  Flomoxef/ amikacin ~ Fosfomycin/ flomoxef enrolled
N=21 N=21 N=20 N=62
Adverse events
Neonates experiencing at least one adverse event (AE) 16 (76) 14 (67) 18 (90) 48 (77)
Total AEs 77 97 146 320
Neonates experiencing at least one serious adverse event 6 (29) 5(24) 7 (35) 18 (29)
(SAE)
Total SAEs 11 5 7 23
Maximum severity
Grade 1 2(10) 3(14) 1(5) 6(10)
Grade 2 7 (33) 6 (29) 9 (45) 22 (35)
Grade 3 3(14) 5(25) 8(13)
Grade 4 1(5) 2(10) 2(10) 5(8)
Grade 5 (death) 3(14) 3(14) 1(5) 7(11)
Related adverse events
AE related to fosfomycin 2(10) 6(30) 8(20)
AE related to flomoxef 5(24) 4 (20) 9(22)
AE related to amikacin 1(5) 4(19) 5(12)

9AE, adverse event; SAE, serious adverse event.

daily were evaluated in those =8 days PNA and >1.5 kg, as well as in term neonates in
our study. The estimated population fosfomycin CL in our study is in agreement with
the NeoFosfo study (10.60 vs 8.94 L/h/70 kg, respectively) (14), and with observations
in healthy adults (7.20 L/h [17] and 8.70 L/h [18]). Fosfomycin is primarily excreted
unchanged via the kidneys. Therefore, nephrogenesis and functional renal maturation
during the early postnatal period will influence fosfomycin pharmacokinetics. Indeed,
both PMA and PNA significantly impacted fosfomycin CL in this predominantly preterm
study population (weight >1,000 g), consistent with previous findings (14).

The flomoxef dose for NeoSep1 Part 1 was based on earlier PK studies performed for
licensing (19-23). Our flomoxef exposure was comparable to these earlier studies, but
our estimated population CL was 12.6 L/h/70 kg, higher than the 6.25 L/h reported in
adults (24). The estimated higher flomoxef CL in our study is likely due to the relatively
lower renal function in adults, which corresponds to 67 (54-85) mL/min in one study
(24). Similar to fosfomycin, PMA, and PNA significantly affected flomoxef CL due to renal
maturation. Given our smaller study, the gy, (the fraction of CL on the first day of life)
and gy (the post-natal maturation rate constant) were fixed to reported values from the
NeoFosfo trial (14).

Susceptibility breakpoints of fosfomycin and flomoxef have not been reported by
the Clinical and Laboratory Standards Institute (CLSI) or the European Committee on
Antimicrobial Susceptibility Testing (EUCAST), except for a breakpoint of 8 mg/L for IV
fosfomycin in urinary tract E. coli infections (25, 26). This is due to insufficient clinical
and MIC data for establishing clinical breakpoints. In our study, using the proposed
dosage regimen for fosfomycin, the PTA was 100% for MICs up to 8 mg/L. Literature
has proposed a flomoxef breakpoint of 8 mg/L (10), but outcome data using flomoxef
to treat Enterobacterales bacteremia in adults suggest a breakpoint of 1 mg/L may be
more appropriate (27). Using the study from this data, we assessed the target attainment
of flomoxef with this dosage regimen and found it to be 100% for MICs up to 0.5
mg/L, remaining over 90% for MICs up to 8 mg/L. These findings support the planned
dosing for NeoSep1 Part 2. In addition, all three antibiotics in these treatment regimens
(fosfomycin, flomoxef, and amikacin) have previously been reported to demonstrate
synergistic killing using a hollow fiber infection model (7-9). It is anticipated that these
combination antibiotic regimens will increase the target attainment for organisms with
higher MICs and could ultimately improve efficacy.

February 2026 Volume 70 Issue 2 10.1128/aac.01126-25 8


https://doi.org/10.1128/aac.01126-25

Downloaded from https://journals.asm.org/journal/aac on 08 June 2026 by 81.179.244.38.

Full-Length Text

The antibiotic combination regimens tested in NeoSep1 Part 1 were safe and well
tolerated in sick term and preterm neonates. Three-quarters of neonates had at least one
adverse event (AE), the vast majority of which were assessed as low severity. One-fifth
of neonates experienced antibiotic-related adverse events (AEs), none of which required
modification or discontinuation of the study antibiotics. Sodium overload has been
reported in critically ill adults (28) with the IV fosfomycin formulations containing a high
sodium load. At a dose of 100 mg/kg twice daily, IV fosfomycin provides 2.8 mmol/kg/day
of sodium, increasing to 4.2 mmol/kg/day at 150 mg/kg twice daily. In comparison,
the daily sodium requirement for term neonates ranges from 2 to 3 mmol/kg/day, and
for preterm infants, it can be up to 5-7 mmol/kg/day (29). Reassuringly, in the Neo-
Fosfo study, where 100 mg/kg of fosfomycin was administered twice daily to neonates
>1,500 g and >34 weeks GA, no reported impact on serum sodium levels was observed
(30). In our study, we used a higher dose of 150 mg/kg twice daily in those >8 days PNA
and >1.5 kg, as well as term neonates, based on PK/PD targets from the NeoFosfo study
(14). Despite the higher sodium load administered in our study, only two cases of grade
1-2 hypernatremia related to fosfomycin occurred. One hypernatremia event decreased,
and one resolved spontaneously.

A strength of our study was that the majority of our cohort consisted of preterm
infants within the first week of life, a time when rapid changes in glomerular filtration
rate are expected as kidney function matures. Generating plasma concentration data
in this preterm population during early life helps to fill knowledge gaps, strengthen
the population PK models, and enable more accurate simulations to predict exposure
for both fosfomycin and flomoxef for target attainment assessment. Unfortunately, no
neonates yielded pathogens from blood culture at baseline, and more data are required
to establish susceptibility breakpoints for these antibiotics in neonatal sepsis. Safety
profiles were reassuring, despite neonates being critically ill and at moderate to high risk
of mortality. The limitation of the population PK analysis in this study was the relatively
small number of participants and number of samples on day 5, both of which can
contribute to a higher uncertainty in PK parameter estimates. Also, these neonatal PK
models cannot be extrapolated to infants and children whose actual body weight, PMA,
or PNA on the day of treatment is outside the range of this study.

In summary, in the predominantly preterm population enrolled in NeoSep1 Part
1, fosfomycin and flomoxef exposures shortly after birth were similar to those seen
in previously published studies. The exposures for both agents are anticipated to be
sufficient for bacterial killing for isolates with MICs up to 8 mg/L, supporting the planned
dosing for NeoSep1 Part 2. Part 2 will rank these and other currently used antibiotic
combination regimens for empiric treatment of neonatal sepsis in low- and middle-
income countries, using 28-day mortality as the primary outcome. Collectively, Part 1 and
Part 2 of the NeoSep1 trial aim to generate evidence on effectiveness, safety, cost-effec-
tiveness, and resistance selection, with the potential to inform treatment decisions and
support potential inclusion in future WHO empiric guidelines for neonatal sepsis.

MATERIALS AND METHODS
Study design

The NeoSep1 Part 1 PK and safety study of fosfomycin and flomoxef recruited neo-
nates sequentially to three antibiotic regimen cohorts: fosfomycin and amikacin (Cohort
1); flomoxef and amikacin (Cohort 2); and flomoxef and fosfomycin (Cohort 3). The
enrollment target was 60 neonates with clinical sepsis, 20 per cohort. The study was
conducted at three neonatal units: two in South Africa—Tygerberg Hospital (Cape
Town) and the Chris Hani Baragwanath Academic Hospital (Johannesburg)—and one
in Kenya, Kilifi County Referral Hospital (Kilifi). The NeoSep1 trial (ISRCTN48721236) was
approved by the local ethics committees of each site (M22/05/007; 220,509B; KEMRI/
SERU/CGMR-C/247/4482) and the relevant national health regulatory bodies. Written
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informed consent was obtained from the parent(s) or legal guardian(s) of neonates prior
to study participation.

Participant enroliment procedures

Hospitalized neonates (<28 days) weighing >1,000 g, diagnosed with a new episode of
clinical sepsis and planned treatment with IV antibiotics, were eligible for enrollment.
A NeoSep Severity Score >5 (equivalent to moderate-high risk of mortality within 28
days) was required for inclusion in NeoSep Part 1 (Table S11 in supplemental material).
This score was derived from a global neonatal sepsis observational study (3) that used
baseline neonatal characteristics, supportive care requirements, and clinical signs to
identify predictors of mortality at the time of sepsis onset. Neonates were ineligible if
routine IV antibiotics had been administered for more than 24 h at the time of plan-
ned enrollment. A blood culture, full blood count, urea, electrolytes, C-reactive protein
(CRP), creatinine, and liver function tests were collected as part of enrollment if not yet
performed as standard of care (Table S12 in supplemental material).

Dose of fosfomycin, flomoxef, and amikacin

Fosfomycin was supplied as a 40 mg/mL powder for solution containing 14.4 mmol/330
mg sodium per gram. It was administered at 100 mg/kg IV twice daily for preterm infants
(<37 weeks gestational age [GA]) if PNA was <7 days or current weight was <1.5 kg, and
at 150 mg/kg IV twice daily if PNA =8 days and >1.5 kg. PNA was calculated with day of
birth as day 1. Term neonates received fosfomycin 150 mg/kg IV twice daily. This dosing
was informed by recent data from the NeoFosfo trial (14). Flomoxef was supplied in 0.5
g/10 mL and 1 g/10 mL powder for solution. The dose of flomoxef, based on the licensed
dose, was 40 mg/kg IV three times daily if PNA <7 days, and 50 mg/kg IV three times
daily if PNA >8 days, regardless of GA (31). Amikacin was given at a dose of 15 mg/kg IV
once daily, following the WHO AWaRe dosing recommendations for neonatal sepsis (32).
If a neonate deteriorated, or failed to respond to the study antibiotics, the local clinician
could initiate a second-line antibiotic regimen of their choice.

Pharmacokinetic sampling

Each neonate had three blood samples drawn for PK sampling on day 1 of study.
Participants were randomized to one of eight potential blood sampling schedules using
a pre-prepared randomization list: early (5 or 15 min), middle (30 or 60 min), and late
(4 or 6 h) blood sampling, following the first dose of study antibiotics. A pre-dose
blood sample was drawn on day 5 if the neonate was still receiving study antibiotics
(Table S2 in supplemental material). Fosfomycin and flomoxef plasma concentrations
were quantified using validated liquid chromatography-tandem mass spectrometry
(LC-MS/MS) assays (Analytical Services International [ASI], London, UK). The lower limit of
assay quantification (LLOQ) was 5.0 mg/L for fosfomycin and 0.1 mg/L for flomoxef.

Population pharmacokinetic analysis

PK models for both fosfomycin and flomoxef were developed using nonlinear mixed-
effects regression, and plasma concentration-time data were fitted using the first-order
conditional estimation method with interaction (NONMEM version 7.5, Icon Develop-
ment Solution, Ellicott City, MD). Pirana software, a graphical interface for NONMEM, was
utilized to run the individual models (V.2.9.9, https://www.certara.com/), and diagnostic
plots were generated using R version 4.4.3. Fosfomycin and flomoxef concentration
data were converted into natural logarithms for analysis, and various PK structural
models were evaluated. The Akaike Information Criterion (AIC) was used to assess
non-nested models. Nested models were compared using the minimal value of the
objective function value (OFV) provided by NONMEM. An OFV decrease of 3.84 points
(i.e., AOFV -3.84) corresponds to a statistically significant difference between hierarchical
models using a likelihood ratio test (P-value <0.05, chi-square distribution with one
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degree of freedom). Inter-individual variability (IIV) was described assuming a log-normal
distribution, and an additive model (on a natural logarithmic scale) was applied to
describe unexplained residual variability. Covariates anticipated to impact PK parame-
ters were assessed for inclusion in the models: body weight was added using a fixed
allometric function on clearance (CL) (exponent fixed to 0.75) and volume of distribution
(Vd) (exponent fixed to 1) (33). Since both fosfomycin and flomoxef are primarily excreted
unchanged via the kidneys (17), a renal maturation function on CL was tested using an
equation that describes the evolution of the glomerular filtration rate from before birth
through 1.5 years of life (equation 1) (34). This function, which includes postmenstrual
age (PMA), has previously been applied to fosfomycin and meropenem neonatal PK
models (14, 35).

PMAZ

Maturation = ——————
47.7%* + PMA}

¢y

Although equation 1 can explain the maturation of renal function in early life, other
covariate(s) regardless of GA may also affect the maturation of CL during the first weeks
of life. The specific influence of PNA on CL is tested using equation 2 (14, 36), with
m representing the fraction of CL immediately after birth and y the maturation rate
constant for the effect of PNA on CL. The impact of serum creatinine (SCR) on CL was
assessed (equation 3), where measured SCR was standardized by typical SCR (TSCR,
equation 4) (14, 35, 37).

PNAfunction = QM + (1 - GM)X(I — e_PNAiXQN) (2)
o
measured SCR 5}
SCRtunciion = (TusW) )

TSCR (umol/L) = — 2.37330 — (12.91367x10g.PNAcyrs) + (23.93581xPNAyGys) (4

The influence of participant covariates on PK parameters was tested using
the standard stepwise forward inclusion and backward elimination model building
procedure. Goodness-of-fit (GOF) plots and prediction-corrected visual predictive check
(VPC) were used during model-building. Sampling importance resampling (SIR) was used
to evaluate parameter uncertainty and model robustness (38).

Pharmacokinetic model simulations and probability of target attainment
(PTA)

Monte Carlo simulations were performed using the final models to predict steady-state
fosfomycin and flomoxef exposures, i.e., 24-hour area under the concentration-time
curve (AUCp_»4) and the plasma drug concentrations at specific time points. The
characteristics of the neonates (GA, PMA, PNA, and body weight) for the simulation
data set were derived from three studies: (i) NeoSep1 Part 1, (ii) NeoFosfo (14), and (iii)
NeoOBS (3), generating a total of 2,943 neonates. Simulations (50 x 2,943 = 147,150
neonates) were performed using the fosfomycin and flomoxef doses administered
during NeoSep1 Part 1. The pharmacokinetic/pharmacodynamic (PK/PD) targets for
fosfomycin were an AUCy_s4/minimum inhibitory concentration (MIC) ratio of >83 (a
1-log kill dose against Enterobacteriaceae) (39), and for flomoxef, it was the free plasma
concentration exceeding the MIC for >40% of the dosing interval (%fT>MIC)—previously
assessed against ESBL-producing E. coli (40). The unbound (free) fraction for flomoxef
was fixed to 65% (10). The MIC values for fosfomycin were 1, 2, 4, 8, 16, 32, 64, and 128
mg/L, and for flomoxef, they were 0.06, 0.12, 0.25, 0.5, 1, 2, 4, 8, 16, 32, and 64 mg/L.
The AUCq_»4/MIC for individual neonates was calculated for fosfomycin, and individual
%fT>MIC was calculated for flomoxef, with relevant PTA calculated for each MIC.
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Pharmacokinetic sample size

The sample size and appropriateness of sample timings were calculated using stochastic
simulation and estimation to ensure at least 80% power to estimate CL and Vd with 20%
precision. For fosfomycin, the model developed from the NeoFosfo trial was used (14).
For flomoxef, a simulation-estimation analysis was carried out, scaling a published adult
population PK model (41) to a neonatal reference population by applying weight-based
allometry to CL and Vd terms (42), and using previously established maturation functions
to further define CL maturation based on PNA and PMA. Prior to the simulation-estima-
tion analysis, the scaled model was inspected against published neonatal flomoxef PK
profiles (43) to verify applicability of the scaling.

Safety assessment and analysis

Clinical and safety evaluations were conducted daily while receiving study antibiotics.
Laboratory tests were repeated on day 5 post-enrollment (Table S2 in supplemental
material).

AEs were graded using the clinically based International Neonatal Consortium
Neonatal Adverse Event Severity Scale (NAESS) (44). This scale defines severity criteria
for 35 AEs based on their absence/presence (plus severity grade, if present). Furthermore,
AEs not included in NAESS (i.e., not prespecified) were also reported and graded if
present, following the NAESS general grading recommendations for “Any other AE”
Laboratory abnormalities were reportable as AEs only when deemed clinically significant
by the responsible clinician. Causality assessments were undertaken by trained study
personnel against the reference safety information.

AE data were summarized overall and by treatment cohort: number (%) of partici-
pants experiencing an AE, number (%) of participants experiencing an adverse reaction,
maximum AE grade per participant, and AEs by body system, severity grade, and
relationship to study treatment. Categorical data were summarized using the number
and percentages, and continuous data were presented using the mean and standard
deviation, or median and quartiles and range. Time from enrollment to death was
analyzed using Kaplan-Meier methods. All participants were followed through 28 days.
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