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Aims: Cefuroxime axetil exists in several dosage forms for oral administration, and is
indicated for treatment of respiratory, genitourinary, skin and soft tissue infections.
Evolving patterns of bacterial susceptibility, expressed as increasing minimum inhibi-
tory concentrations (MICs), warrant monitoring of antibiotic efficacy. Here
we investigate the performance of different cefuroxime axetil doses required to yield
the desired target exposure against the predominant pathogens for each indication.
Methods: The pharmacokinetics of cefuroxime in plasma/serum and urine was char-
acterized after oral, intravenous and intramuscular administration. Covariates
included the effect of weight on clearance and volume of distribution, and formula-
tion on absorption parameters. Subsequently, systemic cefuroxime concentrations
over time were simulated to assess the time above the MIC (T > MIC) and the proba-
bility of target attainment (PTA) for different dosing regimens in adults and children.
Results: Tablet doses of 250 and 500 mg twice daily achieved the target T > MIC
(40%) and PTA (290%) for MICs up to 0.25 and 0.5 mg/L, respectively, thereby cov-
ering most European Committee on Antimicrobial Susceptibility Testing breakpoints
for key pathogens. Due to its absorption profile, the oral suspension covers even
higher MICs, up to 1.0 mg/L. As cefuroxime is mostly excreted unchanged in urine,
cefuroxime axetil doses of 250 mg twice daily for urinary tract infection yield a PTA
of 100% for MIC values up to 8 mg/L.

Conclusions: Our analysis provides insight into the performance of different doses
and dosing regimens for cefuroxime axetil for key pathogens. As resistance patterns
evolve, and differ between countries or regions, cefuroxime doses may require

adjustments considering local bacterial susceptibility.
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1 | INTRODUCTION

Cefuroxime axetil, an orally administered prodrug of cefuroxime, is
absorbed from the gastrointestinal tract and hydrolysed by nonspeci-
fic esterases into the active form cefuroxime.! Cefuroxime exerts its
bactericidal effect by attachment to penicillin-binding proteins, inhi-
biting bacterial cell wall synthesis.> Cefuroxime axetil is indicated for
upper/lower respiratory tract, genitourinary tract, skin and soft tissue
infections, gonorrhoea, treatment of early- and subsequent preven-
tion of late-Lyme disease.?

Besides a tablet formulation, cefuroxime axetil is available as sus-
pension for use in paediatric patients and those unable/unwilling to
swallow tablets. Previous investigations showed that this suspension
results in <17% lower systemic exposure (the area under the concen-
tration-time curve [AUC]) compared with tablets, presumably due to
reduced bioavailability.> However, at similar dose levels the suspen-
sion's slower absorption rate results in longer overall absorption time,
with slightly lower peak concentrations (Cmax), but similar time above
the minimum inhibitory concentrations (T > MIC) vs. tablets.® Typical
cefuroxime axetil doses in adults and children weighing >40 kg are
250 or 500 mg twice daily (BID), depending on the infection. For
patients weighing <40 kg, typical suspension doses are 10 or
15 mg/kg BID depending on the infection, capped to a maximum of
500 or 1000 mg total daily dose, respectively.*

The susceptibility of microbial pathogens to antibiotic agents dif-
fers across regions, and may evolve over time due to variable prescrip-
tion practices and adherence. The survey of antimicrobial resistance
(SOAR) tracked the susceptibility of pathogens such as Streptococcus
pneumoniae and Haemophilus influenzae to several antibiotics, including
cefuroxime. Examples of published SOAR data are presented in
Figure 1,°~8 showing the distribution of sampled MICs for cefuroxime,
over two time periods in Turkey and Vietnam. Over time, the MIC dis-
tribution right-shifted (worsened) for both countries, albeit seemingly
at different rates. Even though Figure 1 represents a small sample and
may be subject to confounding, its variation does reflect temporal and

geographical differences,’ **

aligning with a trend observed in other
SOAR data. Given this evolving pattern in the susceptibility of micro-
bial pathogens, we assessed the ability of cefuroxime axetil doses to
achieve adequate T> MIC and PTA across indications for the key path-
ogens (e.g. S. pneumoniae, Escherichia coli), taking into account the dif-
ferences in formulations. While cefuroxime axetil prescription should
consider local guidance and susceptibility patterns, the current study
aims to provide the prescriber with data to support such decision mak-
ing. One established method for the evaluation of the PTA is to employ
a pharmacokinetic (PK) model and determine T > MIC and PTA based
on simulated concentration-over-time profiles for various dosing sce-
narios, as previously implemented for different antibiotics and

pathogens (e.g. piperacillin/tazobactam, rifampicin®*3).

2 | METHODS

An overview of the steps involved in data selection, model building,
model validation, clinical trial simulations and prediction of cefuroxime

What is already known about this subject

e Cefuroxime is a second-generation cephalosporin with
enhanced activity against Gram-negative bacteria.

e Cefuroxime has been extensively utilized for the treat-
ment of respiratory, digestive, urinary, musculoskeletal,
skin and soft tissue infections. Currently, it is on the
World Health Organization’s list of essential medicines.

e Cefuroxime has excellent activity against Gram-positive
streptococci and Gram-negative aerobes, but information
is lacking on the performance of different doses and dos-
ing regimens when prescribing it to patients.

o Understanding of differences in the probability of target
attainment is essential to prevent treatment failure and
counteract the development of bacterial resistance.

What this study adds

o Historical data were leveraged to develop a pharmacoki-
netic model that adequately reflects cefuroxime exposure
as well as interindividual variation in adult and paediatric
subjects.

e The availability of a pharmacokinetic model enabled the
determination of time above minimum inhibitory concen-
tration and probability of target attainment for various
dosing regimen and weight categories.

o Given the large variation in bacterial susceptibility across
regions and time, the current investigation only provides
a starting point for dosing decisions made by prescribers.

concentrations along with the corresponding PTA for the different
dosage forms and regimens is provided in Figure S1 (Supporting

Information).

2.1 | Data, model building and validation

Model development and validation were based on summary data
extracted from 4 publications: Donn et al., Foord, Ginsburg et al., and
Powell et al.>*#~1¢ These publications provided the necessary data for
further PK characterization of both dosage forms, at different dose
levels across a wide group of individuals (i.e. healthy volunteers and
patients), including paediatric and adult patients, with systemic
and urine exposure information. Ginsburg et al.X> measured drug con-

31416 measured serum

centrations in plasma, the other publications
concentrations. Foord'* also measured urine cefuroxime. Overall, the
data collected represented 139 individuals with 179 plasma and
serum samples and 49 urine samples, covering ages 3 months-

57 years and weights 5-94 kg (Table S1).
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Histograms show geographical and temporal differences in cefuroxime MIC distribution for Streptococcus pneumoniae isolates

obtained from SOAR data in Turkey and Vietnam over a 2-year period.’ 8 MIC, minimum inhibitory concentration; SOAR, survey of antimicrobial

resistance.

Population PK model building followed standard PK compartmen-
tal analysis methods, including drug excretion in urine, as previously
described.”*® Additionally, a time-dependent absorption constant
was modelled in line with previous findings.?” Due to limitations of
using summary data, weight and age were based on averages reported
in the respective literature sources, or imputed where necessary
(Section S2 and Table S2). This limitation also required a priori allome-
tric scaling to ensure appropriate weight adjustment.?° After inclusion
of allometry, any remaining correlations between covariates and inter-
individual variation (I1V) were evaluated graphically, and tested against
relevant parameters if a trend was observed. Model validation used
visual predictive checks, comparing simulated/observed Cmax and
AUC values. Difficulties in combining data from administration of
intravenous (IV) and intramuscular (IM) doses with tablet and suspen-
sion doses required a separate model for these subsets (Sections $3.2
and S3.3).

2.2 | Clinical trial simulations

Simulation scenarios were implemented using the final model describ-
ing cefuroxime concentrations after oral administration of tablets and
suspension, as well as the final model describing the amount excreted
in urine after IV and IM administration. In these, the effect of dose,

dosing regimen, formulation and covariate factors (i.e. IV due to body

weight) can be characterized in an integrated manner.*>*32! The use
of simulation scenarios as a tool for dose optimisation is well-
established, widely accepted both in clinical and regulatory con-
texts.?>?% Here, simulation scenarios were evaluated to answer the
following questions:

(i) Does switching from suspension to tablet form or vice versa
have a clinically relevant effect on the target exposure (and T>MIC for
the therapeutic targets) in patients weighing 20-40 kg (scenario 1)?

(ii) Do currently recommended paediatric and adult doses suffi-
ciently cover the susceptibility (MIC) levels for key pathogens associ-
ated with the current indications for cefuroxime axetil?

This second question was answered in 2 separate simulation sce-
narios: one for urine exposure in the case of urinary tract infections
(UTls; MIC <8 mg/L, scenario 3) and another for systemic exposure in
all other indications (MIC <0.5 mg/L, scenario 2).

221 | Virtual patient cohorts

Cefuroxime plasma and urine concentration-time profiles following
BID oral administration were simulated at 0.5-h intervals over the
course of 24 h. As cefuroxime does not accumulate, single-dose PK
data in plasma and urine was assumed to describe steady-state condi-
tions equally well. For scenario 1, 1000 virtual patients were simu-

lated per weight category. For scenarios 2 and 3, 10000 virtual
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patients were simulated per dose level and formulation, equally dis-
tributed across weight ranges describing the adult and paediatric pop-
ulation = 3 months old. Weight was simulated uniformly within each
weight group (20, 30, 39 kg for scenario 1; 4-<6, 6-<12, 12-<20,
20-<40, 40-<60, 60-<80, 80-<100 kg for scenarios 2 and 3). The
weight ranges for scenarios 2 and 3 were chosen to approximate dif-
ferent paediatric age groups of 4-<6 kg (0.25-1 years), 6-<12 kg (1-
2 years), 12-<20 kg (2-4 years), 20-<40 kg (4-11 years), 40-<60 kg
(>12 years), 60-<80 kg (>16 years) and 80-<100 kg (>16 years). As
weight was the only covariate included in the PK model, no further
baseline demographic characteristics were simulated. All individuals
were assumed to have normal renal function. Doses were based on
the current dosing guidance, i.e., 250 mg BID (lower dose) or 500 mg
BID (higher dose) as tablets for patients >40 kg and 10 mg/kg BID
(lower dose) or 15 mg/kg BID (higher dose) as suspension for patients
<40 kg. In the case of switching from suspension (i.e., dose calculated
in mg/kg) to tablet, doses were rounded to the nearest whole tablet
(Table Sé). The different simulation scenarios are depicted in Figure 2.

2.2.2 | Evaluation of T > MIC and PTA

Simulated cefuroxime concentration-time profiles from each scenario,
obtained after each dosing regimen, were compared against a range
of MICs (0.06, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32 mg/L). This allowed
assessment of the T > MIC for each individual in the virtual cohort. To
calculate T > MIC, the percentage of simulated concentrations across
the simulated interval >MIC was determined for each individual virtual
patient. Subsequently, the proportion (percentage) of individuals
within each cohort achieving T > MIC 240% for each MIC, i.e., the

PTA was calculated for each dosing regimen. In addition, the parame-
ters of interest (AUC, Cmax, T > MIC, PTA) calculated for each treat-
ment condition/scenario were summarized using descriptive statistics
and graphically, as PTA vs. MIC graphs, stratified for dose and weight
category.

2.2.3 | Statistical analysis

Simulations, summary statistics and graphical representations were all
performed in statistical software R v3.2.5 and C++, with packages
data, Table, Rcpp and lattice. Standard errors of model parameters
during model building could only be obtained by covariance matrix
and not by bootstrapping due to the relatively low number of individ-
ual PK profiles. No formal hypothesis testing was performed when
comparing T > MIC or PTA between doses or formulations. Instead,
we focussed on ensuring that the simulated doses were able to cover
the appropriate MIC for the relevant pathogens under the assumption
that the large number of virtual patients sufficiently accounted for lIV.

3 | RESULTS

3.1 | Model building and validation

In brief, two PK models have been developed, which adequately
described the mean cefuroxime concentration-time profiles in
plasma/serum and urine for each of the dosage forms and dosing regi-
mens (tablet, suspension, IV and IM doses at different dose levels),
taking into account the differences in bioavailability of the dosage

—_— —
Cefuroxime concentration vs. time profiles were
Scenario 1: simulated in patients weighing between 20-40
ISt ltehing Jraim stk ension (0 - kg, and more specifically 20, 30 and 39 kg.
tablet (patients weighing 20~ A total of 1000 individuals were simulated for
40kg) each weight group
'
= Cefuroxime concentration vs. time profiles
3:' E o 0 I&J bScbelrmlit} 2 were simulated in patients with the following Predicted T> MIC Predicted Probability
= Probability of target weight ranges: 4-6 kg, 6-12 kg, 12-20 kg, 20~ i
E g 5 '__l a — attainment for cefuroxime - 40 kg, 40-60 kg, 60-80 kg, and 80-100 kg. A = for a range of MIC values ‘ ofP'[raArge;t Aﬁa:“:;:gt
= =2 axetil doses in adults and total of 10000 individuals were simulated, (0.06, 0.125, 0.25, 0.5, 1, (PTA) for select
Sag 9 :5 children (systemic exposure) evenly and uniformly divided across the weight 2,4, 8,16 and 32 mg/L doses and dosing
) ranges. regimens
o
Scenario 3: Cefuroxime urine concentrations were
Probability of target simulated in patients with the following weight
attainment for cefuroxime ranges: 4-6 kg, 6-12 kg, 12-20 kg, 20-40 kg,
axetil doses in adults and 40-60 kg, 60-80 kg, and 80-100 kg. A total of
children (urine exposure) 10000 individuals were simulated, evenly and
uniformly divided across the weight ranges.

FIGURE 2

Simulation scenarios describing the concentration-time profiles of cefuroxime and the corresponding PTA in plasma/serum

(scenarios 1 and 2) or urine (scenario 3) following switching from suspension to tablet or low and high doses of cefuroxime axetil. Even though

the usual course of therapy may range from five to ten days, simulations were based on a single dose assuming no accumulation at steady state.

PK, pharmacokinetics; PTA, probability of target attainment; T > MIC, time above minimum inhibitory concentration.
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forms. All parameters were estimated with acceptable precision and
validation steps confirmed the appropriateness of the models for sim-
ulation purposes (Table S3 and Table S5). A singular model could not
be built, possibly due to numerical difficulties in reconciliating the
sharp rise in concentrations after IM or IV administration vs. the
slower rise after oral administration. Variability in systemic exposure
was characterized by estimates of IIV in the absorption rate constant,
volume of distribution and clearance. Even though these estimates
reflected intergroup and interstudy differences, final model estimates
adequately replicated the variability in AUC and Cmax within each
subgroup across the different studies (Table S4). With the a priori
inclusion of allometry, no further covariates could be identified,
including the potential effect of maturation processes describing renal
function in infants and very young children. Given the adequate pre-
diction of AUC and Cmax from the original studies across age groups,
the inclusion of allometry was deemed sufficient to describe the

changes in cefuroxime disposition in young children.

32 | PTA

3.2.1 | Scenario 1: switching from suspension to
tablet in patients 20-40 kg

Simulated exposure (AUC, Cmax), T > MIC and PTA across the weight
and dose cohorts are summarized in Tables S8, S9 and S10, respec-
tively. The PTA associated with profiles after administration of the
lower dose (10 mg/kg) in paediatric patients weighing 20, 30 and
39 kg show that both tablet and suspension formulations provide
antibacterial cover (PTA of at least 90%) for MICs <0.25 mg/L, with
tablets achieving cover for MICs <0.5 mg/L in those of 20 and 30 kg,
and suspension achieving cover for infections with MICs <1.0 mg/L
(Figure 3A). Conversely, the PTA associated with the higher dose
(15 mg/kg) provides cover for higher MICs, which in the case of sus-
pension reaches 2.0 mg/L, and <0.5 mg/L in the case of tablets
(Figure 3B). Despite evidence of differences in the PTA between sus-
pension and tablets, both formulations offer appropriate antibacterial
cover for pathogens with MICs <0.5 mg/L.

3.2.2 | Scenario 2: PTA for cefuroxime axetil doses
in adults and children (systemic exposure)

Simulated exposure (AUC, Cmax), T > MIC and PTA across different
weight bands and dose cohorts are summarized in Tables S11, S12
and S13, respectively. The lower doses of cefuroxime axetil (10 mg/kg
BID in patients <40 kg and 250 mg BID in patients >40 kg) appear to
be appropriate (PTA of at least 90%) for the treatment of infections
caused by pathogens with an MIC <0.25 mg/L (Figure 3C, lower row).
This lower dose is typically used in easy-to-treat infections, where
MIC tends to be well below that threshold, such as Streptococcus pyo-
genes (group A B-haemolytic streptococci) with mean MICyq values
<0.25 mg/L.} By contrast, higher doses of cefuroxime (15 mg/kg BID

BICP! @ 327
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in patients <40 kg and 500 mg BID in patients >40 kg) are appropriate
for the treatment of infections caused by pathogens with an MIC
<0.5 mg/L (Figure 3C, upper row). Results show, however, that ade-
quate exposures are likely to be achieved in patients weighing up to
100 kg. As the data available for model building did not include obese
individuals, these results cannot be extrapolated to a wider weight

range.

3.2.3 | Scenario 3: PTA for cefuroxime axetil doses
in adults and children (urine exposure)

Simulated exposure (AUC, Cmax) T > MIC and PTA across different
weight bands and dose cohorts are summarized in Tables S14, S15
and S16, respectively. As cefuroxime is almost exclusively renally
eliminated into urine,** urine volume production in children was
inferred from population data for different age groups, namely,
2 mL/kg/h for infants (e.g., 0.02 L/h for a 1-year-old, 10 kg),
1.5 mL/kg/h for toddlers and young children (e.g., 0.03 L/h for a
4-year-old, 20 kg), 1 mL/kg/h for older children and adolescents
(e.g., 0.04 L/h for an 11-year-old, 40 kg), and 0.06 L/h for adults.?*
Given that cefuroxime data in urine was available only from a study in
which cefuroxime axetil has been administered intramuscularly and
intravenously, two different parameterisations were considered to
obtain profiles following oral administration of tablets or suspension.
Whilst numerical differences were observed in the predicted cefurox-
ime concentrations in urine obtained from each model (Table 1), simu-

lated profiles showed comparable disposition patterns (Figure 4).

Predicted cefuroxime concentrations in urine using the IM/IV PK
model, adjusted for bioavailability

Using the IM/IV model after adjusting for differences in the
bioavailability between tablets and suspension, cefuroxime concentra-
tions in urine were simulated over time. Results showed that urine
concentrations remain above the required 8 mg/L over the dose inter-
val (T > MIC = 100%) for all simulated weight bands (MIC ,sceptibility
breakpoint fOr E. coli, European Committee on Antimicrobial Susceptibil-
ity Testing [EUCAST]?>2%; Table 1A; Table S16). Based on these pre-
dictions, 100% of the patient population can achieve a T > MIC 240%
(PTA = 100%). The fast absorption rate of IM doses also shows that
cefuroxime appears in urine somewhat faster than after oral adminis-
tration of cefuroxime axetil suspension. Therefore, it is likely that the
slower absorption rates of tablets and suspension doses will result in
urine concentrations remaining higher for a prolonged time-period.
These differences are unlikely to alter the T > MIC or PTA required
for UTI treatment.

Predicted cefuroxime concentrations in urine using the PK model for
suspension and tablets, adjusted for renal excretion

The extended PK model describing oral absorption and disposition of
cefuroxime in serum provided comparable urine excretion profiles to
those obtained with the IV/IM PK model (Table S1B). Simulations of

the amount of cefuroxime excreted in urine based on compartmental
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FIGURE 3 Panels A and B show the PTA in serum following administration of cefuroxime axetil doses of 10-mg/kg and 15-mg/kg, as tablet or
suspension to paediatric patients stratified by body weight. Panel C shows the PTA in serum following administration of lower or higher doses of
cefuroxime axetil as tablet or suspension to paediatric and adult patients stratified by body weight. Blue circles and lines denote the PTA at each MIC.
Red, orange and green lines provide reference for 90%, 95% and 99% PTA, respectively. A lower dose corresponds to 10 mg/kg BID in patients <40 kg
and 250 mg BID in those >40 kg. A higher dose corresponds to 15 mg/kg BID in patients <40 kg and 500 mg BID in patients >40 kg. Red arrows are
shown at the highest MIC at which the PTA is > 90%. BID, twice daily; MIC, minimum inhibitory concentration; PTA, probability of target attainment.
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FIGURE 3 (Continued)

modelling of data from tablets and suspension after oral administra-
tion reveal that cefuroxime concentrations in urine remain above the
required 8 mg/L over the entire dosing interval after administration of
suspension or tablet doses of 10 mg/kg BID or 250 mg BID, respec-
tively, in the relevant population groups. As expected, the slower
absorption of tablet and suspension results in a delayed peak concen-
tration in urine relative to that observed following IV/IM dosing; how-
ever, this did not affect T > MIC (Figure 4). Given the elimination half-
life of cefuroxime, most of the dose is eliminated within 24 h.

Calculation of the PTA over a relevant range of MICs resulted in
similar estimates to those obtained for the IV/IM model. Simulations
showed that a T > MIC 240% could be maintained across MICs of up
to 232 mg/L in 100% of simulated patients (Table 1; Table S16).

4 | DISCUSSION

Changes in bacterial susceptibility can affect treatment efficacy,
potentially resulting in clinical failure. Differences in susceptibility
occur over different geographical regions and at different rates over
time, making it essential that clinicians and prescribers are aware of
microbiological susceptibility locally.2”-28 Such a situation also requires
ensuring that the use of old and new antibiotics is optimized for spe-
cific pathogens and infections. In addition, it is critical that treatment

optimisation is not only based on improving therapeutic outcome but

also minimizing the risk of resistance. Even though the efficacy of
new antimicrobials is reasonably described, the dose-exposure-
response relationships have been updated only for few of the older
agents to consider changes in bacterial susceptibility.>®2¢ Here we
have explored the consequence of such an evolution for cefuroxime
and its implications for dosing recommendations using modelling and
simulation. Specifically, we have evaluated the implications of intrinsic
and extrinsic sources of variability in cefuroxime PK to establish the
suitability of various doses and dosing regimens across different indi-
cations. This approach has been possible because of the considerable
advances made over the past 2 decades, particularly regarding PK and
pharmacodynamic principles.2?~3#

Our analysis highlights that optimizing dose and dosing regimens
requires an understanding of the effect of differences at
individual-patient level (including information on the dose, formulation
and dosing regimen), whereas emergence of resistance and changes in
susceptibility are an ecologic issue. It is essential that clinical decisions
be based on the underlying exposure-response relationships, trans-
lated in practical terms as PTA.

4.1 | PTA and antibacterial activity

This study aimed to address questions regarding the ability of switch-

ing between suspension and tablet formulations of cefuroxime axetil
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TABLE 1

X

Predicted cefuroxime concentration over time in urine using two different pharmacokinetic models: (upper panel) intramuscular/

intravenous model, adjusting for tablet and suspension bioavailability; (lower panel) adapted version of the previously built pharmacokinetic

model describing cefuroxime pharmacokinetics after oral administration.

Predicted urine cefuroxime concentrations (mg/L) at different times (h)

% bioavailable dose

3h 4h 6h 12 h 24 h recovered over 24 h
346.2 187.9 81.1 15.1 0.2 100%

692.5 375.8 162.2 30.2 0.4 100%

411.0 244.0 119.6 27.8 0.5 100%

822.0 487.9 239.1 55.7 1.0 100%

418.0 280.5 162.7 51.3 1.9 100%

627.0 420.7 244.0 76.9 2.9 100%

276.0 207.2 140.1 41.1 3.6 99.3%

4141 310.8 210.2 61.7 5.5 99.3%

Predicted urine cefuroxime concentrations (mg/L) at different times (h)

% bioavailable dose

postdose:

Weight (kg) Unit dose 1h 2h

70 250-mg tablet 682.1 604.3
70 500-mg tablet 1364.3 1208.7
40 250-mg suspension (10 mg/kg)* 748.5 665.8
40 500-mg suspension (15 mg/kg)*  1497.0 1331.6
20 200-mg suspension (10 mg/kg) 657.1 606.4
20 300-mg suspension (15 mg/kg) 985.6 909.6
10 100-mg suspension (10 mg/kg) 370.2 360.5
10 150-mg suspension (15 mg/kg) 555.3 540.8

postdose:

Weight (kg)  Unit dose 1h 2h

70 250-mg tablet 126.3 645.8
70 500-mg tablet 252.6 1291.7
40 250-mg suspension (10 mg/kg)*  110.1 378.7
40 500-mg suspension (15 mg/kg)*  220.1 757.4
20 200-mg suspension (10 mg/kg) 123.8 411.1
20 300-mg suspension (15 mg/kg) 185.7 616.7
10 100-mg suspension (10 mg/kg) 97.2 312.6
10 150-mg suspension (15 mg/kg) 145.7 468.9

4h 6h 12 h 24 h recovered over 24 h
586.8 358.1 139.8 14.3 0 100%
11735 716.2 279.5 28.6 0 100%
4553 439.6 338.8 72.5 0 100%
910.7 879.1 677.7 144.9 0 100%
487.3 467.7 358.4 76.0 0 100%
731.0 701.6 537.5 114.0 0 100%
366.4 350.1 266.8 14.8 0 100%
549.6 525.1 400.2 223 0 100%

*10 and 15 mg/kg doses were capped to a maximum dose of 250 mg and 500 mg, respectively per administration.
The amount excreted in urine was converted to concentrations by dividing it by the urine volume produced at each time point. The model was adjusted to
account for the difference in bioavailability between tablets (50%)/suspension (40%) and intramuscular administration (100%).

in paediatric and adult patients at similar doses, and providing insight
into the PTA of the various available doses and dosing regimens con-
sidering microbiological susceptibility across a wide MIC range.

While the approach presented here relies on summary-level data
for cefuroxime, the available publications provided the information
required to ensure accurate characterization of its PK.>41¢ popula-
tion PK models were developed that described the overall cefuroxime
concentration-time profiles observed after administration of different
formulations, dose levels and across a wide group of individuals,
including paediatric and adult patients. Model-derived apparent clear-
ance (34.0 L/h) was slightly higher than previously reported data
(23.0 L/h).Y” However, measures of AUC and Cmax showed good
agreement between those observed in the individual studies, and
those predicted by the model.

Weight is generally considered a better predictor for cefuroxime
PK, and indeed our investigation did not reveal an effect of age after
taking weight into account. Typically, cefuroxime axetil dose recom-
mendations are provided on the basis of weight. For this reason, our
simulations were stratified for weight, but in some cases dose adjust-
ments are given based on age ranges. To facilitate the interpretation
of our results across age ranges, the weight ranges in this study could

approximately be translated to age ranges as follows: 4-<6 kg (0.25-

1 year), 6-<12 kg (1-2 years), 12-<20 kg (2-4 years), 20-<40 kg (4-
11 years), 40-<60 kg (>12 years), 60-<80 kg (>16 years) and 80-
<100 kg (>16 years).

Comparison of the PTA resulting from tablet and suspension at
similar doses showed that T > MIC is maintained over a longer
period following administration of the suspension due to its slower
absorption rate relative to tablets. Nevertheless, simulation scenar-
ios indicate that switching from tablets to suspension does not lead
to a reduction of the PTA below the target of 90% for MICs
<0.5 mg/L.

Our analysis has also confirmed that the lower doses of cefurox-
ime axetil (10 mg/kg BID in patients weighing <40 kg and 250 mg BID
in patients weighing >40 kg) appear to be appropriate for the treat-
ment of infections caused by pathogens with an MIC <0.25 mg/L.
This lower dose is typically used for infections caused by more sus-
ceptible pathogens, where MIC tends to be well below that threshold,
for example with infections of S. pyogenes (MIC <0.25 mg/L). By con-
trast, higher doses of cefuroxime axetil (15 mg/kg BID in patients
weighing <40 kg and 500 mg BID in patients weighing >40 kg) were
found to be appropriate for the treatment of infections caused by
pathogens with an MIC <0.5 mg/L. Although EUCAST lists the MIC
for S. pneumoniae to be =<0.25mg/L, the CLSI lists it to be
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FIGURE 4 Predicted cefuroxime concentration vs. time profiles in urine following administration of cefuroxime axetil doses between 100 and
500 mg (BID) to paediatric and adult patients based on the adjusted IM/IV model and adapted suspension and tablet model. The dotted line
denotes the cefuroxime MIC of E. coli at 8 mg/L. BID, twice daily; IM, intramuscular; 1V, intravenous; MIC, minimum inhibitory concentration.

<1.0 mg/L. As shown in Figure 1, such susceptibility may vary signifi-
cantly between regions and across time, requiring the prescriber to
make an informed decision on the appropriate dose. Our results show,
however, that adequate exposures to achieve a PTA > 90% for MICs
<0.5 mg/L are likely to be achieved in patients weighing <100 kg.

The most common pathogen for UTIs with regard to antibiotic
treatment is E. coli, with a cefuroxime MIC of 8 mg/L. An assessment
of urine cefuroxime concentrations over time based on an extrapo-
lated IM/IV model, as well as an adapted version of the final model
for suspension and tablets, showed that concentrations are likely to
be above the required 8 mg/L to treat UTls caused by E. coli. An anal-
ysis of the PTA for cefuroxime axetil suspension or tablet doses of
10 mg/kg BID or 250 mg BID will probably result in T > MIC240% in
100% of the patients. This assessment confirmed that these doses
more than adequately cover the key pathogen for UTls.

Cefuroxime axetil is mostly prescribed empirically, i.e., without

conclusive evidence of the causative bacteria or their susceptibility to

treatment. Hence, it is important that currently approved doses are
shown to cover the most common MICs for the most prevalent causa-
tive bacteria. Table S7 provides the MICs of the most common causa-
tive bacteria covered by different cefuroxime axetil dosage regimens
across the labelled indications. However, local susceptibility and resis-
tance patterns relevant to each case may not be reflected. In fact,
there are local guidelines suggesting 1000 mg BID dose for uncompli-

cated respiratory tract infections in certain regions.>>3¢

42 | Limitations

Although both PK models were fit for purpose and accurately
described the concentration-time profiles in plasma/serum and urine,
there are some limitations to our analysis, which need to be carefully
considered if the model and underlying assumptions are to be used

subsequently in future endeavours. First, the PK models were built on
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summary-level data alone, and required imputation of weight in some
places. This led to an inability to perform a thorough analysis of the
effect of other potential covariate factors, and it was assumed that the
cefuroxime PK adhered to established allometric principles, an assump-
tion that tends to hold well for renally cleared drugs.?® In practice, it
means that estimates of IIV were primarily determined by interstudy
and intercohort variability, probably associated with differences in the
study population. However, comparing the mean and standard deviation
of simulated and observed AUC and Cmax for the different subgroups
showed that the models were able to adequately reproduce means, as
well as IV compared to the literature sources. Due to a lack of
individual-level data, some 1IVs may not have been captured fully; how-
ever, this is unlikely to affect the PTA, as such IIV becomes less relevant
when simulations are performed with large numbers of patients. Fur-
thermore, it was not possible to assess the implications of individual dif-
ferences in creatinine clearance on cefuroxime exposure, as this was not
recorded in the source data and thus not included in the model. All simu-
lations were based on the assumption of a patient population with nor-
mal renal function, in whom fluctuations in creatinine clearance were
likely to have minor or no effect on total clearance. Although it is known
that the PK of antibiotics and antivirals may be affected by severe
disease, 22> the current data were based only on healthy individuals
and patients with relatively mild infections, and thus the predictions for
T > MIC and PTA may not translate well to patients with severe disease.

While in an ideal setting simulations would have been performed
with models derived from the analysis of individual-level data,
we anticipate that any further extension of these models to incorpo-
rate additional intrinsic and extrinsic sources of variability is unlikely
to significantly alter the current results and conclusions from our
analysis.

Similarly, with regard to the calculation of cefuroxime concentra-
tions in urine, it can be anticipated that the use of average urine forma-
tion rates, variable bladder size and consequently voiding volume
across the paediatric and adult populations should not affect the con-
clusions about the PTA for the treatment of UTls. The observed and
predicted amount excreted in urine is such that target exposure is
achieved even if IV in renal clearance is assumed to be high. Moreover,
the prediction of urine excretion following oral doses of suspension and
tablets has relied on the extrapolation of bioavailability and renal clear-
ance across dosage forms and age groups. These assumptions are
unlikely to be invalidated by unaccounted variability, as the predicted
urine concentrations exceed the target MIC of 8 mg/L significantly.

4.3 | Clinical implications

Based on the MICs of the key pathogens for each indication, the dos-
age regimen can be optimized for some indications (Table S7). While
the EUCAST breakpoint for S. pneumoniae, the key pathogen for acute
otitis media and acute bacterial sinusitis, is 0.25 mg/L, most of its
isolates have an MIC >0.25 mg/L (Figure 1). An increase of the adult
dose of 250-500 mg BID could improve the PTA for these

indications, to account for these isolates. Likewise, a dose of 500 mg
BID may be required to cover Staphylococcus aureus isolates with high
MIC involved in some skin and soft tissue infections. Our results also
showed that the current dose of 250 mg BID should suffice to
cover the key pathogen of E. coli in adult UTls. However, as adults
with UTIs may often encounter more resistant variants, the higher
dose of 500 mg BID could be used in cases of suspected reduced
susceptibility.

Similar to adults, a 250 mg BID tablet dose should suffice for
acute tonsillitis or pharyngitis in children weighing 20-40 kg. For all
other indications, however, the higher tablet dose of 500 mg BID may
be necessary. For the suspension formulation, the dose of 10 mg/kg
BID capped at 500 mg/day for acute tonsillitis and pharyngitis, and
15 mg/kg BID capped at 1000 mg/day for all other indications should
provide sufficient coverage.

It is important to note that our analysis does not preclude the
possibility of local differences in susceptibility for the relevant patho-
gens, and as the cefuroxime axetil label specifies, physicians should
consider local guidelines and susceptibility trends.

5 | CONCLUSION

Our analysis allowed the characterization of cefuroxime PK after
administration of different formulations and dosing regimens of cefur-
oxime axetil to adults and children, showing that switching between
tablet and suspension should not affect efficacy. We also provided
extensive evidence that may enable prescribers to optimize cefurox-
ime axetil doses across indications and populations based on the sus-
ceptibility profiles. Further modelling and simulation studies may be
required to assess the potential clinical consequences of variation in
bacterial susceptibility between countries or regions on the ability to

achieve therapeutic targets locally.
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