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Background: Fosfomycin has the potential to be re-purposed as part of a combination therapy to treat neonatal
sepsis where resistance to current standard of care (SOC) is common. Limited data exist on neonatal fosfomycin
pharmacokinetics and estimates of bioavailability and CSF/plasma ratio in this vulnerable population are lacking.

Objectives: To generate data informing the appropriate dosing of IV and oral fosfomycin in neonates using a
population pharmacokinetic analysis of plasma and CSF data.

Methods: The NeoFosfo study (NCT03453177) was a randomized trial that examined the safety and pharmaco-
kinetics of fosfomycin comparing SOC versus SOC plus fosfomycin. Sixty-one neonates received fosfomycin
(100 mg/kg IV q12h for 48 h) and then they converted to oral therapy at the same dose. Two plasma pharmaco-
kinetic samples were taken following the first IV and oral doses, sample times were randomized to cover the
whole pharmacokinetic profile and opportunistic CSF pharmacokinetic samples were collected. A population
pharmacokinetic model was developed in NONMEM and simulations were performed.

Results: In total, 238 plasma and 15 CSF concentrations were collected. A two-compartment disposition model,
with an additional CSF compartment and first-order absorption, best described the data. Bioavailability was esti-
mated as 0.48 (95% CI = 0.347–0.775) and the CSF/plasma ratio as 0.32 (95% CI = 0.272–0.409). Allometric
weight and postmenstrual age (PMA) scaling was applied; additional covariates included postnatal age (PNA) on
clearance and CSF protein on CSF/plasma ratio.

Conclusions: Through this analysis a population pharmacokinetic model has been developed that can be used
alongside currently available pharmacodynamic targets to select a neonatal fosfomycin dose based on an
infant’s PMA, PNA and weight.

Introduction

Antimicrobial resistance is a global health priority and neonates
are a particularly vulnerable population. In 2013, infection
accounted for one-quarter of all neonatal deaths globally;1 in Asia
and Africa, 50%–88% of clinical isolates are reported to be resist-
ant to the first-line antibiotics ampicillin and gentamicin.2,3

Fosfomycin, an affordable and effective antibiotic, has emerged as
one potential solution.4,5

It has recently been shown that community-acquired
Gram-negative bacteraemia isolates are significantly more likely
(96% versus 59%; P < 0.0001) to be susceptible to fosfomycin
than empirical ampicillin/gentamicin therapy.6 Therefore, used in
combination with another appropriate antibiotic, fosfomycin
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may present an alternative treatment strategy for empirical man-
agement of hospital- or community-acquired MDR Gram-negative
sepsis in neonates. However, optimal fosfomycin dosing in neonates
is currently uncertain, including whether oral therapy is feasible.5

The limited neonatal pharmacokinetic (PK) studies that have been
published are mostly 30 to 40 years old,7–10 small studies (�10 sub-
jects) and only evaluated IV fosfomycin PK. Oral fosfomycin PK and
consequently bioavailability (F) has never previously been reported
for a neonatal population. Predicting neonatal oral PK is challenging
since in adults F depends on the fosfomycin salt form and physio-
logical gastrointestinal conditions.11,12 Finally, neonates suffering
from sepsis may also have bacterial meningitis, so evaluating the
extent of fosfomycin CNS penetration is highly desirable.

In adults, 85%–95% of a fosfomycin dose is excreted un-
changed in the urine13 with clearance similar to glomerular filtra-
tion rate (GFR), the volume of distribution is 0.42 L/kg, the half-life
is 2.4–2.8 h and the bioavailability is 0.53 for a 3 g dose of the tro-
methamine salt, a regimen that sees plasma levels sustained
>1 mg/L for 48 h due to absorption rate limited elimination;14

others have also confirmed flip-flop kinetics.15 Because of fosfo-
mycin’s low molecular mass, and despite its hydrophilicity, it
enters the CNS regardless of meningeal inflammation.16,17

Here we report on the model-based estimation of fosfomycin
IV and oral plasma and CSF PK from a trial in neonates with sus-
pected clinical sepsis.

Methods

Study and drug details

The NeoFosfo study (ClinicalTrials.gov: NCT03453177) ran between March
2018 and March 2019 at Kilifi County Hospital in Kenya. Neonates aged 0 to
28 days old, weighing >1500 g and born at >34 weeks of gestation (using
Ballard Maturational Assessment) with at least one sign of clinical sepsis
and eligible to receive IV antibiotics (according to national guidelines) were
included. Neonates were randomized to standard of care (SOC) consisting
of ampicillin and gentamicin or SOC plus 100 mg/kg fosfomycin twice daily
(q12h). Patients in the fosfomycin arm received a minimum of four IV fosfo-
mycin doses (Fomicyt 40 mg/mL solution, Infectopharm, Germany) over
48 h at 12 h intervals. Once oral fluids were tolerated, IV fosfomycin was
changed to oral fosfomycin (Fosfocina 250 mg/5 mL suspension, ERN
Laboratories, Spain) therapy at 100 mg/kg q12h. The IV dose was given as a
slow push, while oral fosfomycin was given via oral syringe, spoon or naso-
gastric tube. Once reconstituted, fosfomycin was stored below 25�C. The
dose of 100 mg q12h was selected for use in the NeoFosfo study based on
the current age and weight-based neonatal dosing recommendations in
the Fomicyt summary of product characteristics (‘SPC’) and the findings of
Traunmuller et al.18

PK sampling
Simulation-based sample size calculations were performed.19,20 A cross-
over study design with each subject providing two IV and two oral
plasma samples was predicted to estimate clearance, central volume
and bioavailability with a power of >85% to have 95% CIs within a 20%
precision level if 45 patients were included. Due to uncertainty regarding
the shape of the PK profile, patients were randomized to a single early
(0.08, 0.5 or 1 h post-dose) and single late (2, 4 or 8 h post-dose) PK
sample following the first IV and oral doses. Patients who remained
hospitalized underwent a final safety blood sample following the last
oral dose at day 7 and, if there was sufficient blood volume drawn, this

was also assayed for PK. In addition, if a lumbar puncture was under-
taken for clinical investigation during treatment, fosfomycin concentra-
tion was also measured in the CSF.

Fosfomycin bioanalysis
Plasma and CSF samples were centrifuged at 3000 rpm for 5 min then sep-
arated and frozen (at #80�C) within 30 min of collection. Frozen samples
were shipped to Analytical Services International Ltd, St Georges University
of London, UK. Analysis of fosfomycin concentration in plasma and CSF
samples was assessed via LC-MS/MS assay. The lower limit of quantification
for plasma was 5 mg/L and for CSF was 1 mg/L. The method was fully vali-
dated according to EMA guidlines.21 Assay methodology and fosfomycin
stability data can be found in the Supplementary data available at JAC
Online.

PK model development
Model-based estimation of PK parameters was undertaken using the first-
order conditional estimation method with interaction (‘FOCEI’) in NONMEM
(Version 7.4; ICON Development Solutions, Ellicott City, MD, USA).

One- and two-compartment structural models were compared. Inter-
individual variability (IIV) was assumed to follow a log-normal distribution
for clearance, volume and absorption rate constants, and a logit distribution
for bioavailability. Estimation of IIV was evaluated for all parameters. An
additive, a proportional and a combined error model were tested. In line
with the v2 distribution, a drop in the log likelihood ratio of >6.64 per degree
of freedom was needed to be significant at a level of P < 0.01 and >3.84 at a
level of P < 0.05.

Allometric (weight) scaling was included using a fixed exponent of 0.75
on clearance terms and linear scaling on volume terms. A standard weight
of 70 kg was used to enable comparison of parameter estimates with other
studies. A previously published neonatal renal maturation function22 was
also added to clearance. Due to the narrow postmenstrual age (PMA) range
of babies included in this study the Hill coefficient and time to 50% matur-
ation were fixed as with previous similar neonatal studies.23,24

CLi ¼ CLstd �
WTi

70

� �0:75

Vi ¼ Vstd �
WTi

70

� �

maturation ¼ PMAi
3:4

47:73:4 þ PMAi
3:4

While the Rhodin maturation function22 accounts for development of renal
maturation in early life, there may also be a further effect on clearance
maturation after birth regardless of gestational age (GA) that occurs over
the first few days/weeks of life.25 This covariate may be best related to post-
natal age (PNA) as has been observed by others.23,26 Therefore Equation 4
was also evaluated (hM; fraction of clearance on the first day of life, set to
day = 0; and hN, postnatal maturation rate constant).

PNAfunction ¼ hM þ 1� hMð Þ � 1� e�PNAi�hNð Þ

The ability of serum creatinine concentration (SCR) to explain and re-
duce IIV on clearance was tested according to Equation 6, where the
measured SCR was standardized using typical serum concentration
(TSCR) for age calculated based on the function published by Ceriotti
et al.27 (Equation 5). The SCR levels utilized by Ceriotti et al.27 in defining
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Equation 5 were quantified using an enzymatic method, while a Jaffe
method was used in this study.

TSCR lmolð Þ ¼ �2:37330� 12:91367� lnðPNAyearsÞ þ 23:93581

� PNAyears
� �0:5

SCRfunction ¼
SCRi

TSCR

hSCr

CSF modelling

Having defined the plasma population PK model including covariate effects,
an additional peripheral compartment was added to model the available
CSF data.28,29 This introduced three additional parameters: inter-
compartmental clearance between the central and CSF compartments
(Q2), volume of the CSF compartment (V4) and the CSF/plasma ratio (UPTK).

The initial modelling strategy aimed to estimate Q2 and UPTK, while the
volume of the CSF compartment was fixed to 0.15 L/70 kg with linear
weight scaling.30 However, due to model instability, published adult CSF
data16 were used to define and subsequently fix Q2 in the NeoFosfo model
[see Figure S1 (available as Supplementary data at JAC Online) and the
Discussion section].

CSF protein was tested as a covariate on UPTK according to Equations 7
to 9, where PRi is the individual’s measured CSF protein level and 0.94 the
population’s median CSF protein level.

UPTK1 ¼ ln
hUPTK

1� hUPTK

� �

UPTK2 ¼ UPTK1� 1þ hPRð Þ � PRi � 0:94ð Þ
� �

UPTKi ¼
1

1þ e�UPTK2

Model evaluation

Decisions during model development were made based on the likelihood
ratio test, goodness of fit (GOF) plots31 and visual predictive checks (VPCs)
using n = 1000 simulations. A non-parametric bootstrap (n = 1000) was per-
formed on the final model to test parameter robustness and derive param-
eter uncertainty. Perl-speaks-NONMEM (PsN)32 was used for the bootstrap
analysis and to produce the VPCs, which were visualized using Xpose4.33

PK simulations
Using the final model parameter estimates, the half-life for each phase of
the PK profile was calculated using methods reported by Upton.34

A hypothetical neonatal population of 10 000 subjects was created
using observed demographics from the present study combined with data
from an international multicentre neonatal observational study (NeoObs
study; NCT03721302). The hypothetical population along with the final
model were used to simulate fosfomycin plasma concentrations at steady-
state for different dosing regimens. The simulations were all executed in R
using the linpk package.35

Target attainment (TA) plots were generated considering two potential-
ly relevant pharmacodynamic targets: AUC/MIC ratio36 and T>MIC.18 Target
values for T>MIC were defined (60%, 80% and 100%), but, for the AUC/MIC
ratio, previously published in vitro target values for Escherichia coli were
considered [stasis (19.3), 1 log kill (87.5)37 and resistance suppression
(3136)].38 Due to uncertainty regarding the specific target value required
for predicting the efficacy of fosfomycin in bacteraemia, here we use an
approach previously suggested39 and present TA rather than ‘PTA’ against
ascending MIC values.

Results

Patients and demographics

Sixty-one babies were recruited into the SOC plus fosfomycin arm
of the study, with fosfomycin PK sampling performed for 60 babies.
Demographics are given in Table 1.

Observed PK data

In total, 238 fosfomycin plasma samples were collected. Two
babies died during the IV fosfomycin phase of the study resulting
in complete IV and oral PK data being collected for 58 babies.
Plasma protein binding of fosfomycin is negligible40,41 and there-
fore calculation of free concentrations was not necessary.

Fifteen CSF samples from 15 subjects were collected. Five of the
CSF samples were collected during IV treatment and 10 of the CSF
samples were collected during oral treatment. PRi values were
available for 12 subjects.

No samples (plasma or CSF) were below the limit of
quantification.

Plasma and CSF concentration data are presented in Figure 1.
Individual subject PK plots (plasma and CSF) are shown in Figures
S2 and S3.

PK model development

A two-compartment IV structural model was superior to a one-
compartment model (#DOFV 31, plus two degrees of freedom,
P < 0.01; where OFV stands for objective function value). When
modelling the IV data in isolation it was only possible to estimate

Table 1. Key baseline covariates of all patients receiving fosfomycin in the NeoFosfo study compared with the NeoObs study

NeoFosfo study (NCT03453177) NeoObs study (NCT03721302)

median (range) mean (IQR) median (range) mean (IQR)

GA (weeks) 40.0 (34.4–44.0) 39.8 (38.4–40.8) 37 (23–44) 35.4 (31–39)

PNA (days) 1 (0–23) 2.7 (0–3) 5 (0–59) 10.4 (2–15)

Weight (g) 2805 (1560–5670) 2872 (2500–3234) 2500 (400–5170) 2353 (1400–3197)

PMA (weeks) 40.1 (34.5–46.2) 40.3 (38.7–41.3) 38.1 (23.1–51.9) 36.8 (32.4–40.3)

CSF protein (g/L) 0.94 (0.02–2.51) 1.07 (0.78–1.16) 0.92 (0.004–9.14) 1.24 (0.64–1.39)
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IIV on CL; however, increasing the dataset to include the oral
plasma data enabled estimation of IIV on CL, volume of the central
compartment (Vc) and F (#DOFV 22, no change in degrees of
freedom, P < 0.01).

The correlations between key demographic and biochemical
covariates were analysed and correlation coefficients calculated
(see Figure S4). The strongest correlation was observed between
SCR and PNA (r2 = 0.52); SCR showed a slight initial increase with
PNA followed by a rapid then slower decline. Weight correlated to
a lesser extent with the different measures of age (PNA, r2 = 0.32;

PMA, r2 = 0.33), whilst PMA and SCR appeared essentially inde-
pendent (r2 = 0.1).

Inclusion of allometric scaling and the Rhodin maturation func-
tion resulted in a drop in OFV of 84 (fixed covariate functions, no add-
itional degrees of freedom) and inclusion of the PNA function
described in Equation 4 gave a further OFV decrease of 43 (plus two
degrees of freedom, P < 0.01). However, inclusion of SCR instead of
PNA, or in conjunction with PNA, did not improve the model com-
pared with just using allometric scaling and the Rhodin function
(#DOFV by <1, for one degree of freedom). CSF protein was found to

Figure 1. Observed CSF and plasma concentration versus time data for all subjects. The dashed lines represent mean concentrations, which are
37.6 mg/L in CSF and 70.1 and 201.7 mg/L in plasma following oral and IV dosing, respectively; the solid lines represent the loess smooth curves. PO, oral.
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be a significant covariate for the CSF/plasma ratio (UPTK) reducing
the OFV by 4.6 for one additional degree of freedom (P < 0.05).

An illustration of the final structural model is presented in
Figure S5 and model parameters along with their associated rela-
tive standard errors (%RSE) and 95% CI are presented in Table 2.
The shrinkage in the estimates of IIV on CL, Vc and F are 4.7%,
17.8% and 47.5%, respectively. VPCs are shown in Figure 2. GOF
and individual prediction plots are shown in Figures S6 to S9. The
PNA function compared with individual clearance estimates is
shown in Figure 3. The final model employed three residual/unex-
plained error terms. Separate proportional error models were used
to describe the IV and oral plasma levels and an additive error
model was used for CSF concentrations. The NONMEM code for the
final NeoFosfo model is given in the Supplementary data available
at JAC Online.

The demographics of the hypothetical simulation population
are presented in Figure S10. Predicted steady-state PK parameters
(AUC, Cmax and Cmin) using the final model and hypothetical popu-
lation are presented in Table S1.

TA results using the full hypothetical population are presented
in Figure 4 (AUC/MIC) and Figure S11 (T>MIC). For pathogens with an
MIC of 32 and 4 mg/L, a q12h 100 mg/kg IV regimen was predicted
to achieve a plasma AUC/MIC ratio of 48 and 385, respectively, in
95% of neonates. Following oral dosing of 100 mg/kg q12h and
evaluating the same MICs, the predicted plasma AUC/MIC ratios
are 19 and 152 in 95% of neonates. Considering T>MIC, and a q12h
100 mg/kg IV regimen, 95% of neonates are predicted to exceed
32 mg/L 51% of the time. The flatter profile shape that results
from slow absorption following oral administration (Tmax =�3–4 h)
and oral bioavailability means that, at 100 mg/kg q12h, 95% of

neonates were predicted to never exceed 32 mg/L; however,
16 mg/L is exceeded 100% of the time.

Discussion

To the best of our knowledge, we have conducted the first neo-
natal cross-over bioavailability study of fosfomycin and, with a
minimally invasive design, precise population PK estimates have
been derived. Our model and simulations should prove useful in
determining optimal fosfomycin dosing in neonates.

Our population estimates for CL (8.94 L/h/70 kg) and Vc
(19.11 L/70 kg) are in agreement with PK observed in healthy
adults as is the calculated b phase half-life of 2.3 h (after 1 g of IV
fosfomycin to healthy adults, V = 29.7 ± 5.7 L, CL = 8.7 ± 1.7 L/h,
weight = 70.5 ± 11.1 kg, t1=2 = 2.4 ± 0.4 h).14 The calculated adult
equivalent c phase half-life of 6.1 h, resulting from the additional
CSF compartment, is unlikely to be measured clinically. As such,
the b phase is considered the clinically relevant plasma half-life.
Half-lives for the typical (median) trial neonate (weight = 2805 g,
PNA = 1 day, PMA 40 weeks) for each elimination phase were lon-
ger than those predicted in a 70 kg adult (neonate: 0.2, 5.2 and
8.7 h; adult: 0.4, 2.3 and 6.1 h).

The Rhodin maturation function22 describes the develop-
ment of renal function in early life and was added to our model
as fixed biological prior knowledge, as reported in previous
similar neonatal PK studies.23,24 Having adjusting clearance
for weight and PMA we still saw a strong relationship between
CL and PNA (see Figure 3). The PNAfunction successfully cap-
tured the increases in clearance over the first few days/weeks
of life. Nephrogenesis is complete by the 34th–36th week of

Table 2. Population PK model parameter estimates; all disposition terms are centred on a fully mature 70 kg individual using allometric scaling with
exponents of 1 for volume terms and 0.75 for clearance terms

Parameter Estimate (%RSE) IIV %CV (%RSE) Bootstrap 95% CI Bootstrap median

CL (L/h/70 kg) 8.94 (14.5) 24.5 (30.5) 7.10 to 13.2 9.13

V2 (L/70 kg) 19.1 (8.77) 14.2 (41.8) 11.2 to 21.3 19.0

Q1 (L/h/70 kg) 8.01 (49.6) – 4.54 to 39.3 8.24

V3 (L/70 kg) 7.53 (14.0) – 5.69 to 14.3 7.61

Q2 (L/h/70 kg) 0.017 (fixed) – – –

V4 (L/70 kg) 0.15 (fixed) – – –

hUPTK 0.321 (12.0) – 0.272 to 0.409 0.32

Ka (/h) 0.0987 (21.7) – 0.0570 to 0.148 0.0994

F 0.478 (15.0) 0.269 (60.2) 0.347 to 0.775 0.483

hM 0.449 (22.9) – 0.277 to 0.567 0.420

hN (/day) 0.117 (29.4) – 0.0531 to 0.259 0.121

hPR #0.952 (22.4) – #2.88 to #0.615 #1.081

IV plasma proportional error (%) 7.69 (46.4) – 3.78 to 12.1 8.22

Oral plasma proportional error (%) 18.6 (37.5) – 7.36 to 24.3 16.6

CSF additive error (mg/L) 10.9 (35.3) – 5.47 to 14.6 10.2

CL, total plasma clearance; V2, central volume; Q1, inter-compartmental clearance between the central and main peripheral compartments; V3, vol-
ume of the main peripheral compartment; Q2, inter-compartmental clearance between the central and CSF compartments; V4, volume of the CSF
compartment; hUPTK, CSF/plasma ratio; Ka, absorption rate constant; F, oral bioavailability; hM, population estimate of the fraction of clearance on the
first day of life, set to day = 0; hN, postnatal maturation rate constant; hPR, CSF protein coefficient; %RSE, asymptotic standard error; %CV, coefficient
of variation; IIV, inter-individual variability.
IIV on F reported directly as OMEGA value due to logit transformation.
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gestation; however, the functional maturation of the kidney
continues through the postnatal period.42 The first days/weeks
following birth see a rapid increase in renal blood flow as a

function of cardiac output, GFR and urine output, all of which
are likely to contribute to the significance of PNA as a covariate
on fosfomycin clearance.

When considering the TA results, it is important to highlight the
difference between the median PNA of the hypothetical popula-
tion and the NeoFosfo trial population [5 (mean = 10) versus 1
(mean = 3) days, respectively], as, within a given individual, clear-
ance is predicted to increase by 36% over this time frame (based
on just this increase in PNA). To illustrate further the implications of
PNA on predicted TA, plots analogous to Figure 4 were constructed
for neonatal sub-populations categorized by weight and PNA and
are presented in Figure S12 for IV dosing and Figure S13 for oral
dosing.

SCR was not found to be a significant covariate on fosfomycin
clearance. As with previous neonatal antimicrobial PK reports,23

we used the function published by Ceriotti et al.27 to account for
expected postnatal changes in SCR. This function accounts for the
postnatal decline in SCR due to washout of maternal creatinine
and then the subsequent rise with age. Whilst SCR is often used to
predict GFR in adults, the relationship between SCR and GFR in the
newborn infant is complicated43 and measured SCR in neonates
<2–3 weeks old is known to be highly variable.27 In this study, 75%
of babies were <3 days old on admission and we observed a 3-fold
range in baseline measured SCR; both of these factors are thought
to have contributed to the lack of correlation between fosfomycin
clearance and SCR in this study.

Oral bioavailability was estimated to be 0.48 (dose was nomin-
ally 100 mg/kg) and, with limited first-pass extraction, this is likely
indicative of the fraction absorbed. Fosfomycin is a low molecular
weight (138 g/mol), highly polar (ACD/logP =#2.98) phosphonic
acid derivative, thereby demonstrating pH-dependent solubility
and ionization in the gastrointestinal tract. Fosfomycin absorption
is likely to be permeability limited, which is consistent with the
class III Biopharmaceutics Drug Disposition Classification assigned
by Benet et al.44 In vitro intestinal permeability studies suggest fos-
fomycin is absorbed via both the paracellular and transcellular
routes with uptake mediated in part by the Na!-dependent phos-
phate transport system.45,46 However, the fact that fosfomycin F is
increased 3-fold by switching from the calcium to tromethamine
salt form does indicate that solubility and/or stability limitations
cannot be disregarded.12,15,47 The calcium salt form was adminis-
tered in this study (Fosfocina 250 mg/5 mL suspension), which, at
the much lower dose of 7.5 mg/kg, is reported to be only 37%
bioavailable in adults.48 Interestingly, the rate of absorption also
seems to be faster than reported in adults. Wenzler et al.14

reported a Ka of 0.0175/h following administration of 3 g
(�43 mg/kg) of the tromethamine salt in adults, while here we re-
port a population estimate of 0.0987/h, >5-fold faster, which
combined with a lower relative clearance due to renal immaturity
means flip flop kinetics are not as prominent a feature of fosfomy-
cin PK in the NeoFosfo population as in adults. The elevated rate
and extent of absorption seen in this study compared with that
reported in adults is attributed to increased permeability of the
immature intestinal barrier in neonates <7days old49,50 and higher
luminal concentrations of fosfomycin.

The CSF data available from this study were not sufficiently rich
to support estimation of Q2. Instead, Q2 was fixed using adult prior
information. Kuhnen et al.16 report full plasma and CSF concentra-
tion–time profiles after both 5 g (n = 35 subjects) and 10 g (n = 5

Figure 2. VPCs showing the observed data (black circles) and the 2.5th,
50th and 97.5th percentiles of the observed data (black lines) compared
with the 95% CIs of the corresponding simulations (prediction intervals)
from the final model (shaded areas). The top panel shows plasma fol-
lowing IV dosing, the middle panel shows plasma following oral dosing
and the bottom panel shows CSF. The 2.5th and 97.5th percentiles, and
corresponding prediction intervals, are not presented in the bottom
panel due to the size of the CSF dataset evaluated.
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Figure 3. Visualization of the PNA effect on clearance; individual predicted clearances have already been scaled for PMA and weight. Data points are
grouped by subject ID (n = 60); the left-hand panel shows individual fractional clearance at time = 0 and the right-hand panel shows individual frac-
tional clearance at all PK sampling timepoints. The solid black line in each panel represents the model estimated PNA maturation function.

Figure 4. TA plots for various dose schemes using the full simulation population. The top row presents predicted AUC/MIC ratio in plasma following
IV dosing, while the bottom row shows results following oral dosing. A comparison of 100, 150 and 200 mg/kg q12h is given for IV and 100, 200 and
300 mg/kg q12h for oral. The continuous black line is the predicted AUC/MIC ratio achieved by 95% of the population (5th percentile), while the typical
patient (50th percentile) is shown by the dotted line. AUC/MIC target ratios for stasis (19.3), 1 log reduction (87.5) and resistance suppression (3136)
are shown by the grey horizontal reference lines. The grey vertical reference lines highlight MIC values of 4 and 32 mg/L. BID, twice daily; PO, oral.
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subjects) IV fosfomycin. The mean age of the subjects in Kuhnen
et al.16 was 47 years (range = 18 to 69) and each patient obtained
an intra-operative or therapeutic CSF drain that was required for a
neurosurgical indication. Both 5 and 10 g datasets were extracted
from the publication and individually modelled; no covariates or
between-subject variabilities were included in the modelling as
only a single average plasma/CSF profile was published at each
dose. The NONMEM code used to model the 5 g data can be found
in the Supplementary data available at JAC Online and the associ-
ated fixed effects and residual errors, along with GOF plots, are
provided in Figure S1. The average Q2 estimated from modelling
the adult fosfomycin PK data16 was 0.017 L/h/70 kg (to three deci-
mal places).

The final population estimate of CSF UPTK in the NeoFosfo trial
population was 0.32 (%RSE = 12.0, 95% CI = 0.27–0.41). Nau et
al.51 previously reported that in adults with uninflamed or mildly
inflamed meninges fosfomycin AUCCSF/AUCS is 0.18 (0.09–0.27).
Since progression from sepsis to meningitis in neonates can be
rapid, and less overt than in older children, fosfomycin’s good CSF
penetration in this population is supportive of its potential role in
empirical regimens for neonatal sepsis.

Whilst we use demographic data from the neonatal observa-
tional study to simulate pre-term neonates and those weighing
<1500 g (see Figures S12 and S13) that were not included in our
model building population, the mechanistic covariates used with
biological priors on allometric weight and PMA scaling give some
confidence in this extrapolation. We are assuming, however, that
our observed PNA maturation effect will follow a similar trajectory
in smaller neonates and, whilst this assumption may be reason-
able, it could only be fully confirmed by collecting further data in
this population. Nevertheless, this analysis indicates that reducing
the dose in the first week of life due to short-term PNA maturation
is required regardless of GA and/or weight.

A caveat specific to the oral TA predictions concerns the use of a
constant Ka in all subjects. Following oral dosing the Ka in an indi-
vidual will have a significant impact on the shape of the oral PK
profile and therefore this does introduce an element of additional
uncertainty compared with the IV TA predictions.

Finally, further in vitro work to better define the target AUC/MIC
ratio required to achieve a 2 log kill against pathogens typically re-
sponsible for neonatal sepsis is needed, alongside work to define
relevant MIC breakpoints for bacteraemia and meningitis.
Confirmatory PK data in pre-term neonates would also be useful to
make firmer conclusions on dosing in this population.

Conclusions

To the best of our knowledge, this is the first study to report
model-based oral bioavailability from cross-over data in a
neonatal antibiotic study and the first report of neonatal fosfo-
mycin CSF penetration. PNA in addition to PMA was needed to
describe immediate postnatal changes in CL distinct from
gestational effects. We also establish a positive relationship
between PRi and CSF uptake of fosfomycin. The planning of
follow-up fosfomycin trials in neonates will benefit from our
model and TA simulations, which can be used to inform selec-
tion of a neonatal IV dose based on an infant’s PMA, PNA and
weight, and, where relevant, an oral step-down dose personal-
ized using likely pathogen MIC at 48 h.

Our prediction of the PK in smaller pre-term neonates (<1500 g,
<34 weeks GA) is based on extrapolation of fixed covariate effects
that are well established for renally cleared drugs;52 however, it is
important that these predictions are confirmed in a follow-up
prospective trial.

Further in vitro work to better define target AUC/MIC ratios to
achieve a 2 fold log kill against pathogens typically responsible for
neonatal sepsis, alongside work to define relevant MIC breakpoints
for bacteraemia and meningitis, would be beneficial.
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Frontiéres. Support at the institution level came from the National
Institute for Health Research Biomedical Research Centre (NIHR BRC) at
Great Ormond Street Hospital for Children NHS Foundation Trust and
University College London. J.F.S. was supported by a United Kingdom
Medical Research Council (MRC) Fellowship (Grant M008665). K.K.
received funding from the People Programme (Marie Curie Actions) of
the European Union’s Seventh Framework Programme (FP7/2007–2013)
under REA grant agreement no. 608765 and from Estonian Research
Council grant agreement PUTJD22. Laboratory work carried out by K.K.
was supported by Analytical Services International. No other support
was received for this work from outside of the authors’ affiliated
institutions.

Transparency declarations
None to declare.

Author contributions
All authors contributed to the design and performance of the research
study and drafting of the manuscript. Z.K., S.G. and J.F.S. analysed the
data. K.K. undertook analysis of PK samples.

Supplementary data
Supplementary data, including Figures S1 to S13 and Table S1, are avail-
able at JAC Online.

References
1 Laxminarayan R, Matsoso P, Pant S et al. Access to effective antimicrobials:
a worldwide challenge. Lancet 2016; 387: 168–75.

2 Chaurasia S, Sivanandan S, Agarwal R et al. Neonatal sepsis in South Asia:
huge burden and spiralling antimicrobial resistance. BMJ 2019; 364: k5314.

3 Iroh Tam PY, Musicha P, Kawaza K et al. Emerging resistance to empiric
antimicrobial regimens for pediatric bloodstream infections in Malawi (1998-
2017). Clin Infect Dis 2019; 69: 61–8.

Kane et al.

8 of 10

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/advance-article/doi/10.1093/jac/dkab083/6225998 by guest on 25 M

ay 2021

https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab083#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab083#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab083#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab083#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab083#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab083#supplementary-data


4 Hendlin D, Stapley EO, Jackson M et al. Phosphonomycin, a new antibiotic
produced by strains of streptomyces. Science 1969; 166: 122–3.

5 Li G, Standing JF, Bielicki J et al. The potential role of fosfomycin in neonatal
sepsis caused by multidrug-resistant bacteria. Drugs 2017; 77: 941–50.

6 Williams PCM, Waichungo J, Gordon NC et al. The potential of fosfomycin
for multi-drug resistant sepsis: an analysis of in vitro activity against invasive
paediatric Gram-negative bacteria. J Med Microbiol 2019; 68: 711–9.

7 Molina MA, Olay T, Quero J. Pharmacodynamic data on fosfomycin in
underweight infants during the neonatal period. Chemotherapy 1977; 23
Suppl 1: 217–22.

8 Guggenbichler JP, Kienel G, Frisch H. Fosfomycin, a new antibiotic drug
(author’s transl). Padiatr Padol 1978; 13: 429–36.

9 Guibert M, Magny JF, Poudenx F et al. Comparative pharmacokinetics of
fosfomycin in the neonate: 2 modes of administration. Pathol Biol (Paris)
1987; 35: 750–2.

10 Suzuki S, Murayama Y, Sugiyama E et al. Dose estimation for renal-
excretion drugs in neonates and infants based on physiological development
of renal function. Yakugaku Zasshi 2009; 129: 829–42.

11 Shimizu K. Fosfomycin: absorption and excretion. Chemotherapy 1977;
23 Suppl 1: 153–8.

12 Bundgaard H. Acid-catalyzed hydrolysis of fosfomycin and its implication
in oral absorption of the drug. Int J Pharmaceut 1980; 6: 1–9.

13 Gobernado M, Garcia J, Santos M et al. Renal insufficiency and fosfomy-
cin. Chemotherapy 1977; 23 Suppl 1: 200–3.

14 Wenzler E, Ellis-Grosse EJ, Rodvold KA. Pharmacokinetics, safety, and tol-
erability of single-dose intravenous (ZTI-01) and oral fosfomycin in healthy
volunteers. Antimicrob Agents Chemother 2017; 61: e00775-17.

15 Bergan T, Thorsteinsson SB, Albini E. Pharmacokinetic profile of fosfomy-
cin trometamol. Chemotherapy 1993; 39: 297–301.

16 Kuhnen E, Pfeifer G, Frenkel C. Penetration of fosfomycin into cerebro-
spinal fluid across non-inflamed and inflamed meninges. Infection 1987; 15:
422–4.

17 Pfausler B, Spiss H, Dittrich P et al. Concentrations of fosfomycin in the
cerebrospinal fluid of neurointensive care patients with ventriculostomy-
associated ventriculitis. J Antimicrob Chemother 2004; 53: 848–52.

18 Traunmuller F, Popovic M, Konz KH et al. A reappraisal of current dosing
strategies for intravenous fosfomycin in children and neonates. Clin
Pharmacokinet 2011; 50: 493–503.

19 Stockmann C, Barrett JS, Roberts JK et al. Use of modeling and simulation
in the design and conduct of pediatric clinical trials and the optimization of
individualized dosing regimens. CPT Pharmacometrics Syst Pharmacol 2015;
4: 630–40.

20 Ogungbenro K, Aarons L. How many subjects are necessary for popula-
tion pharmacokinetic experiments? Confidence interval approach. Eur J Clin
Pharmacol 2008; 64: 705–13.

21 EMA. Guideline on Bioanalytical Method Validation (EMEA/CHMP/EWP/
192217/2009). 2011. www.ema.europa.eu/en/documents/scientific-guide
line/guideline-bioanalytical-method-validation_en.pdf.

22 Rhodin MM, Anderson BJ, Peters AM et al. Human renal function matur-
ation: a quantitative description using weight and postmenstrual age. Pediatr
Nephrol 2009; 24: 67–76.

23 Germovsek E, Kent A, Metsvaht T et al. Development and evaluation of a
gentamicin pharmacokinetic model that facilitates opportunistic gentamicin
therapeutic drug monitoring in neonates and infants. Antimicrob Agents
Chemother 2016; 60: 4869–77.

24 Germovsek E, Lutsar I, Kipper K et al. Plasma and CSF pharmacokinetics
of meropenem in neonates and young infants: results from the NeoMero
studies. J Antimicrob Chemother 2018; 73: 1908–16.

25 Anderson BJ, Holford NHG. Negligible impact of birth on renal function
and drug metabolism. Paediatr Anaesth 2018; 28: 1015–21.

26 Savic RM, Cowan MJ, Dvorak CC et al. Effect of weight and matur-
ation on busulfan clearance in infants and small children undergoing
hematopoietic cell transplantation. Biol Blood Marrow Transplant 2013;
19: 1608–14.

27 Ceriotti F, Boyd JC, Klein G et al. Reference intervals for serum creatinine
concentrations: assessment of available data for global application. Clin
Chem 2008; 54: 559–66.

28 Valitalo P, Kumpulainen E, Manner M et al. Plasma and cerebrospinal fluid
pharmacokinetics of naproxen in children. J Clin Pharmacol 2012; 52:
1516–26.

29 Kumpulainen E, Valitalo P, Kokki M et al. Plasma and cerebrospinal fluid
pharmacokinetics of flurbiprofen in children. Br J Clin Pharmacol 2010; 70:
557–66.

30 Johanson CE, Duncan JA, Klinge PM et al. Multiplicity of cerebrospinal fluid
functions: new challenges in health and disease. Cerebrospinal Fluid Res
2008; 5: 10.

31 R Foundation for Statistical Computing - Core Team. R: A Language
and Environment for Statistical Computing. 2013. http://www.R-pro
ject.org.

32 Lindbom L, Pihlgren P, Jonsson EN et al. PsN-Toolkit–a collection of com-
puter intensive statistical methods for non-linear mixed effect modeling
using NONMEM. Comput Methods Programs Biomed 2005; 79: 241–57.

33 Jonsson EN, Karlsson MO. Xpose–an S-PLUS based population pharmaco-
kinetic/pharmacodynamic model building aid for NONMEM. Comput Methods
Programs Biomed 1999; 58: 51–64.

34 Upton RN. Calculating the hybrid (macro) rate constants of a three-
compartment mamillary pharmacokinetic model from known micro-rate
constants. J Pharmacol Toxicol Methods 2004; 49: 65–8.

35 Rich B. linpk: Generate Concentration-Time Profiles From Linear PK
Systems. 2018. https://CRAN.R-project.org/package=linpk.

36 Merino-Bohorquez V, Docobo-Perez F, Sojo J et al. Population
pharmacokinetics and pharmacodynamics of fosfomycin in non-
critically ill patients with bacteremic urinary infection caused by
multidrug-resistant Escherichia coli. Clin Microbiol Infect 2018; 24:
1177–83.

37 Lepak AJ, Zhao M, VanScoy B et al. In vivo pharmacokinetics and pharma-
codynamics of ZTI-01 (fosfomycin for injection) in the neutropenic murine
thigh infection model against Escherichia coli, Klebsiella pneumoniae, and
Pseudomonas aeruginosa. Antimicrob Agents Chemother 2017; 61:
e00476-17.

38 Docobo-Perez F, Drusano GL, Johnson A et al. Pharmacodynamics of fos-
fomycin: insights into clinical use for antimicrobial resistance. Antimicrob
Agents Chemother 2015; 59: 5602–10.

39 Standing JF, Ongas MO, Ogwang C et al. Dosing of ceftriaxone and metro-
nidazole for children with severe acute malnutrition. Clin Pharmacol Ther
2018; 104: 1165–74.

40 Zeitlinger MA, Sauermann R, Traunmuller F et al. Impact of plasma pro-
tein binding on antimicrobial activity using time-killing curves. J Antimicrob
Chemother 2004; 54: 876–80.

41 Kirby WM. Pharmacokinetics of fosfomycin. Chemotherapy 1977; 23
Suppl 1: 141–51.

42 Botwinski CA, Falco GA. Transition to postnatal renal function. J Perinat
Neonatal Nurs 2014; 28: 150–4.

43 Sulemanji M, Vakili K. Neonatal renal physiology. Semin Pediatr Surg
2013; 22: 195–8.

44 Benet LZ, Broccatelli F, Oprea TI. BDDCS applied to over 900 drugs. AAPS J
2011; 13: 519–47.

45 Ishizawa T, Hayashi M, Awazu S. Paracellular and transcellular
permeabilities of fosfomycin across small intestinal membrane
of rat and rabbit by voltage-clamp method. J Pharmacobiodyn 1991;
14: 583–9.

IV and oral fosfomycin pharmacokinetics in neonates JAC

9 of 10

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/advance-article/doi/10.1093/jac/dkab083/6225998 by guest on 25 M

ay 2021

http://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf
http://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf
http://www.R-project.org
http://www.R-project.org
https://CRAN.R-project.org/package=linpk
https://CRAN.R-project.org/package=linpk


46 Ishizawa T, Sadahiro S, Hosoi K et al. Mechanisms of intestinal absorption
of the antibiotic, fosfomycin, in brush-border membrane vesicles in rabbits
and humans. J Pharmacobiodyn 1992; 15: 481–9.

47 Borsa F, Leroy A, Fillastre JP et al. Comparative pharmaco-
kinetics of tromethamine fosfomycin and calcium fosfomycin in young and
elderly adults. Antimicrob Agents Chemother 1988; 32: 938–41.

48 Cadorniga R, Diaz Fierros M, Olay T. Pharmacokinetic study of fosfomycin
and its bioavailability. Chemotherapy 1977; 23 Suppl 1: 159–74.

49 Catassi C, Bonucci A, Coppa GV et al. Intestinal permeability changes dur-
ing the first month: effect of natural versus artificial feeding. J Pediatr
Gastroenterol Nutr 1995; 21: 383–6.

50 Saleem B, Okogbule-Wonodi AC, Fasano A et al. Intestinal barrier matur-
ation in very low birthweight infants: relationship to feeding and antibiotic
exposure. J Pediatr 2017; 183: 31–6.

51 Nau R, Sorgel F, Eiffert H. Penetration of drugs through the blood-
cerebrospinal fluid/blood-brain barrier for treatment of central nervous
system infections. Clin Microbiol Rev 2010; 23: 858–83.

52 Wang J, Kumar SS, Sherwin CM et al. Renal clearance in newborns and
infants: predictive performance of population-based modeling for drug
development. Clin Pharmacol Ther 2019; 105: 1462–70.

Kane et al.

10 of 10

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/advance-article/doi/10.1093/jac/dkab083/6225998 by guest on 25 M

ay 2021




