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Abstract

Background: Pharmacokinetic studies on ampicillin in foals are limited, underscoring a relevant gap in knowledge, particularly
regarding the treatment of critically ill neonatal foals.

Hypothesis/Objectives: To evaluate the adequacy of the ampicillin dosing regimen in hospitalized foals and, if necessary,
suggest alternative dosing strategies to achieve effective ampicillin concentrations.

Animals: Data were collected from 12 hospitalized foals.

Methods: Foals were treated with 20 mg/kg ampicillin intravenously every 6 h. Plasma samples were obtained within the
first 48 h, and the minimum inhibitory concentration (MIC) was determined for pathogen-positive patients. Ampicillin con-
centrations were quantified using liquid chromatography-tandem mass spectrometry. A population pharmacokinetic model
was developed using a nonlinear mixed-effects approach (stochastic approximation expectation-maximization or SAEM
algorithm), and a pharmacodynamic evaluation of different dose regimens was conducted using Monte Carlo simulations.

Results: A 2-compartment model with first-order elimination was selected. Age significantly influenced peripheral compart-
ment volume and clearance. The model demonstrated excellent internal validation, with 97% of observed values within pre-
diction intervals and robust stability, as confirmed by bootstrap and visual predictive checks. Pharmacodynamic simulations
indicated that a dosage regimen of 20 mg/kg every 6 h achieved optimal PTA (>90%) for MICs of 0.06-0.25 mg/L with a 50%
fT > MIC target. For higher MICs or a 100% fT > MIC target, more frequent dosing (q4h) and higher doses (30-40 mg/kg) were
necessary.

Conclusions and clinical importance: The results from the simulations highlight the clinical importance of adjusting dosing
regimens based on foal characteristics and MIC to ensure effective treatment, especially in critically ill foals.
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Abbreviations BICc, corrected Bayesian information criterion; BSV, between-subject variability; CLSI, Clinical and Laboratory Standards Institution;
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PK, pharmacokinetics; PTA, probability of target attainment; SAEM, stochastic approximation expectation-maximization; TBW, total body weight
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Introduction

Foals are born immunocompetent but immunologically “naive,”
relying on colostrum for passive immunity. Consequently,
newborn foals are more vulnerable to a wide range of both
pathogenic and nonpathogenic bacteria, predisposing them
to infection and sepsis.! Due to the difficulty of ruling out
sepsis in compromised neonatal foals, and the serious risk to
the health of the foal of delaying or withholding antimicrobial
therapy in case of infection, prophylactic antimicrobial treatment
is usually recommended.? Sepsis represents one of the most
relevant causes of morbidity and death in neonatal foals, with
early and aggressive treatment critical for improvement in
outcomes.® Empirical treatment typically involves intravenous
administration of broad-spectrum antibiotics, most often an
aminoglycoside (gentamycin or amikacin®~>) combined with a
beta-lactam.*%7 Ampicillin is a time-dependent antibiotic within
the latter category, with a commonly recommended dosage of
20 mg/kg every 6 h* as a first-line treatment for neonatal sepsis,
with higher dosages (50-100 mg/kg q6h) suggested in severely ill
foals.®

For beta-lactams to be effective, plasma concentrations must
exceed the minimum inhibitory concentration (MIC) by at least
50% of the dosing interval in Gram-positive infections and 80% in
Gram-negative infections.®>%:1° Understanding the optimal dosing
regimens and therapeutic efficacy of ampicillin is crucial for its
effective use in clinical settings, especially since age-related phys-
iological differences, such as changes in liver and renal function,
gastrointestinal absorption, and plasma protein binding, compli-
cate predictions of drug efficacy in foals.!*=1* In addition, due
to the effects of diseases on drug metabolism and elimination,
outcomes of pharmacokinetics (PK) and pharmacodynamics (PD)
studies on antibiotics can provide useful information for adapting
treatment protocols in severely ill foals.*~1# In this context, PK/PD
modeling is a valuable tool, as it enables the prediction of the
effects of a drug based on its concentration over time and its
relationship to the MIC of the pathogen. These models can guide
the establishment of the most effective dosing regimens, ensuring
that therapeutic concentrations of ampicillin are sustained while
minimizing the risk of toxic or adverse effects.!>"18

Despite the increasing use of PK/PD modeling to optimize
antibiotic therapy in veterinary patients,>1°-22 a significant
gap remains in its application to foals falling ill during their first
days of life, where standard dosing regimens often fail to account
for their unique metabolic characteristics. The aim of this study
was to develop a population pharmacokinetic (PopPK) model of
intravenous ampicillin administration in a limited cohort of sick
neonatal foals incorporating relevant physiological covariates
such as age, body weight, serum albumin, and creatinine
concentrations. Based on this model, Monte Carlo simulations
were conducted to estimate the probability of target attainment
(PTA) according to established PK/PD indices in this cohort.

Materials and methods
Data collection

Twelve neonatal foals (between 9 and 194.5 h of life) hospitalized
and receiving ampicillin therapy (Vetamplius, Fatro S.p.A.,
Italy; 20 mg/kg every 6 h IV) were enrolled in this experiment.

The ampicillin preparation used was a sodium ampicillin; the
dose was calculated based on the ampicillin base content, in
accordance with the information reported in the summary of
product characteristics?® (10 g of ampicillin/50 mL of the final
solution). Ampicillin was administered via a long-term jugular
catheter (Long-Term MILACATH Single Lumen—16 Ga x 15 cm,
MILA International, Inc., USA). The enrolled foals were diagnosed
with various critical conditions, including perinatal asphyxia
syndrome, uroperitoneum, prematurity/dysmaturity, neonatal
isoerythrolysis, total failure of transfer of passive immunity, and
omphalitis. Foals received standard-of-care neonatal treatments
on individual basis during the study, and all survived. Blood
samples were drawn from the jugular catheter with the push-pull
technique®* and collected in EDTA tubes (S-Monovette EDTA K3E,
1.2 mL, Sarstedt AG & Co. KG, Germany) at multiple timepoints
during the first 48 h of treatment (see Table S1), centrifuged at
2000 x g for 15 min to separate plasma, and subsequently stored
at —80°C. Serum albumin and creatinine concentrations were
measured by an automated analyzer (Beckman Coulter AU480,
Ireland) before stating treatment for all enrolled foals, and the
MIC values were determined for samples that tested positive
for bacterial pathogens using the broth microdilution method
according to the Clinical and Laboratory Standards Institution
(CLSI) guidelines,?>2® using customized broth microdilution
panels. Plasma samples were analyzed according to the ultra-
high performance liquid chromatography coupled to tandem
mass spectrometry (UHPLC-MS/MS) method described by Bardhi
et al. (2025).2" Briefly, 10 uL of amoxicillin-d4 internal standard
solution was mixed with 100 uL of plasma. After adding 200 uL
of acetonitrile, the samples were vortex-mixed for 30 s and
centrifuged at21 000 x g for 10 min. A10 uL aliquot of the resulting
supernatant was then diluted with 990 uL of 0.1% aqueous formic
acid and injected into the UHPLC-MS/MS system (Waters, Milford,
MA, USA). The method was linear for ampicillin concentrations
ranging from 0.3 to 100.0 mg/L. Coefficients of variation for inter-
and intra-assay precision and accuracy were < 13%.

The study protocol was approved by the Animal Welfare Com-
mittee of the University of Bologna (Protocol No. 358467, ID No.
4626).

Pharmacokinetic analysis

Population PK modeling of ampicillin was performed using Mono-
lix software (version 2024R1; Lixoft, Antony, France, http://lixoft.
com/) using a nonlinear mixed-effects modeling approach imple-
menting the stochastic approximation expectation-maximization
(SAEM) algorithm.?8-30 Concentrations below the lower limit of
quantification (LLOQ) of the analytical method were treated as
censored observations and were assumed to lie between 0 and the
LLOQ. Pharmacokinetic analyses were performed on the original
ampicillin concentrations. Log transformation was not applied
prior to model fitting. After developing the population PK model
with Monolix software, we used Simulx software (version 2024R1;
Lixoft, Antony, France; http://lixoft.com/) for model-based simula-
tions of candidate dosing regimens to be tested.

Basic model building

One-, 2-, and 3-compartment intravenous bolus models with
no delay in administration and first-order elimination were
initially tested.31:3% All individual parameters were assumed
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to be log-normally distributed. The between-subject variability
(BSV) of PK parameters was described by an exponential model
as 0; = Oty x exp(ngp,;), where 6; is the estimated individual
parameter, 67y is the typical value of the parameter, and 7 is
the random effect for the ith patient. The 6; values were normally
distributed with a mean of 0 and a variance w,2 where @ was
the standard deviation estimated by Monolix. The variance-
covariance matrix of random effects was assumed to be diagonal.
Correlations between the random effects were also tested. The
log-likelihood estimation was performed with 10 000 Monte Carlo
importance sampling. Finally, the most appropriate model was
selected using the corrected Bayesian information criterion
(BICc) and the relative standard errors (RSEs). Several error
models were tested to describe the residual variability: a constant
error model (Cops = Cpred + @ X €), @ proportional error model
(Cobs = Cpred + b X Cpred X €), and combined error models
such as Cops = Cpred + (@ + b X Cpred) x & (combined 1) or
Cobs = Cpred + (@2 + b? x C?preq)¥? x & (combined 2), with Cops
is the observed concentration; Cpreq the predicted concentration,
a the additive residual error constant, b the proportional residual
error constant, and & the random error term.26

Covariates analysis

From the basic model without covariates, the effect of age, total
body weight (TBW), serum albumin, and serum creatinine (Scr) as
covariates on ampicillin PK parameters was tested. The parame-
ter-covariate relationships were included as follows:

6 = Brv x exp (B x COV)) x exp (n,)

with B the covariate effect to be estimated, COV; the covariate
value for subject i, and 5 is the random effect for the ith
patient.

As describe each covariate was entered into the model
one at a time. The covariate was retained if there was a decrease
in BICc and BSV, a significant Wald test (P < .05) and a 95% ClI
estimated by bootstrapping (n = 1000), omitting the zero value.3?

d’33—35

Model internal evaluation

Evaluation of the model was based on goodness-of-fit plots,
as observations vs individual and population predictions,
individual weighted residuals (IWRES) vs individual predictions
and time, plots of normalized prediction distribution error (NPDE)
vs population predictions and time.3® The visual predictive
checks were performed (n = 1000).33 This plot shows the time
course of the 10th, 50th, and 90th percentiles of the observed
concentration profiles compared to the median and prediction
intervals obtained from the simulated data. The 95% CI of all
model parameters were estimated using bootstrapping method
(n = 1000).3® Finally, shrinkage was determined based on the
empirical SD of the random effects (sd(ni)) and the estimated
standard deviation (w) from the population model. These values
were computed using samples from the conditional distributions
of each individual, according to the following formula: n-sh=1 —
sd(ni)/w.

Evaluation of different dose regimens using Monte
Carlo simulation

Using the estimated distribution of ampicillin PK parametersin the
final IV PK model (including residual error, BSV, and accounting for

Table 1 Cohort characteristics. Data are given as median and interquar-
tile ranges.

Variables Foals (n=12)
Age (h) 78.0[19.7-180.0]
Sex Male (n=6)

Female (n=6)
Breed Standardbred (n=6)

Mixed breed (n=1)

Quarter horse (n=3)

Arabian horse (n=2)
Number of samples per foal 13.0[12.0-24.0]
Total body weight (kg) 48.5[38.0-60.0]
Serum albumin (g/L) 28.9[26.5-30.7]
Serum creatinine (mg/L) 12.8[9.5-14.7]

Diagnosis Omphalitis (n=5)

Dysmaturity (n=1)

Neonatal isoerythrolysis (n = 1)
Umbilical cord hematoma (n=1)

Total failure of passive transfer and
flexural deformity (n=1)

Perinatal asphyxia syndrome (PAS)
(n=1)

PAS and prematurity (n=1)

PAS and uroperitoneum (n=1)

uncertainty in random and fixed effects), Monte Carlo simulations
were performed using the Simulx software (version 2024R1; Lixoft,
Antony, France, http://lixoft.com/) to generate 1000 PK profiles
of ampicillin for each candidate regimen. Population parameters
were drawn using the covariance matrix of the estimates pre-
viously estimated in Monolix. Ampicillin unbound (free) plasma
concentration-time profiles were simulated using an average pro-
tein binding value of 15% reported in the literature.>”=3° The PTA,
defined as the percentage of time that the free drug remains above
the MIC, was assessed by determining the percentage of simulated
patients achieving a given PK/PD target (50% fT > 1 x MIC, 100%
fT > 1 x MIC, and 50% fT > 4 x MIC). Dosing regimens that
achieved PTA > 90% were considered optimal.*’ The range of
MIC values chosen was within the range of MIC values commonly
reported in the literature from 0.01 to 2 mg/L.38:3%4

Results

Development of the pharmacokinetic
model for ampicillin

Cohort characteristics

A total of 205 plasma samples, 12 serum creatinine and serum
albumin were analyzed from 12 foals enrolled in this study. The
cohort characteristics for age, total body weight, serum albumin,
and serum creatinine are shown in Table 1. The median number
of samples taken from each foal was 13.12-24 One plasma sample
with a very high aberrant concentration due to probable sample
contamination was excluded from the analysis. In addition, 17
samples with concentrations below the LLOQ of the analytical
method were treated as censored observations and assumed

920z fienige4 9z uo Jasn sjenua)) eolpawolyg eo81ol|qig Aq 0505618/ Z0Pelee/ | /0f/a1o1ie/wiAljwoo dno-oiwepese//:sdiy wWoll pepeojumod


http://lixoft.com/
http://lixoft.com/
http://lixoft.com/

4 Journal of Veterinary Internal Medicine, 2026, Volume 40, Issue 1

Table 2 Population pharmacokinetic parameters. Rse-sa: Relative se_sa estimated using recommended stochastic approximation. The population
parameters were modeled as follows: log(Cl) = log(Clpop) + B_cl_logage % log(age/61.8) + etacy; log(V1) = log(V1pop) + etavs; log(Q) = log(Qpop) + etag;
log(V2) = log(V2pop) + B_v2_logage < log(age/61.8) + etay, with 61.8 years is the weighted mean of age in the population. For each parameter, eta is the
random effect. *: P value of Wald test = 1.07 x 1072; **: P value of Wald test = 2.56 x 10~2; *: Population parameter estimates and their 95% Cls (2.5%-
97.5% percentile) obtained by stochastic approximation using the Fisher Information Matrix. *: Population parameter estimates and their 95% confidence
intervals (2.5%-97.5% percentiles) obtained from a parametric bootstrap (n = 1,000) using the stochastic simulation and estimation (SSE) method, based
on data simulated from the final model. Censoring limits were applied to the simulated datasets, defined between the lower limit of quantification (LLOQ)
and 0 mg/L. Bias, expressed as a percentage, is the difference between the mean of the bootstrap estimates and the reference value, and is calculated as
follows: (mean — reference)/reference*100.

Parameter Value® (rse-sa %) 95% Cl value® Median value®* 95% Cl value™ Bias (%)
Fixed effects

Clpop (L.h71) 17.43 (17.74) [12.41-24.48] 17.41 [11.92-24.97] 1.50

B_cliogage” 0.40 (39.19) [0.092-0.7] 0.39 [0.027-0.70] 247

Vipop (L) 18.83(11.21) [15.15-23.41] 18.58 [14.34-23.10] —1.07

Qpop (L.hfl) 16.79 (32.31) [9.30-30.34] 17.11 [7.94-50.80] 17.51

V2p0p (L) 22.12 (Fixed) - - - -

B_v2_togage™* 1.38 (44.8) [0.17-2.59] 1.33 [0.22-3.24] 318
SD of the random effects

wCl 0.55(25.18) [0.34-0.88] 0.47 [0.22-0.76] —14.13

wV1 0.32(32.50) [0.18-0.58] 0.28 [0.082-0.48] —13.02

©Q 0.49 (Fixed) - - - -

wV2 1.04 (39.53) [0.51-2.09] 0.79 [0.15-2.29] —14.89
Error model parameters

a 0.12 (36.18) [0.063-0.23] 0.11 [0.0024-0.28] —0.091
0.40 (8.30) [0.34-0.47] 0.39 [0.34-0.46] —0.61

Clpop, V1pop V2pop, and Qpop are the typical values of the clearance of ampicillin, the volumes of the central and peripheral compartments, and the inter-
compartmental clearance, respectively. These population parameters were modeled as follows: log(Cl) = log(Clpop) + B_Cl_logAge x log(Age/61.8) + etaCl;
log(V1) = log(V1pop) + etaV1; log(Q) = log(Qpop) + etaQ; log(V2) = log(V2pop) + B_V2_logAge x log(Age/61.8) + etaV2 with 61.8 years is the weighted mean of
age in the population. 8_c|_logage and B_va_log_age are the covariate effects of log(Age) on clearance (Cl) and of log(Age) on peripheral compartment volume (V2),
respectively; wCl, wV1, wV2, and wQ represent the SDs of the interindividual variability (eta) associated with the typical population parameters Clpop, V1pop V2pop,
and Qpop, respectively; a and b are the additive and proportional error coefficients of the combined 1 residual error model: Cops = Cpred + (@ + b X Cpred) X €, Where

Cobs is the observed concentration, Cpreq is the predicted concentration, and ¢ is the random error term.

to lie between 0 and the LLOQ. Raw empirical observations,
population predictions, and individual predictions are reported
in Table S3.

Population pharmacokinetic modeling of ampicillin
plasma concentrations

A population PK (PopPK) model was developed using plasma
ampicillin concentrations obtained from the study cohort of
hospitalized foals. The final selected model was a 2-compartment
intravenous model with first-order elimination. Its BIC value
was 1217.28, representing a decrease compared to earlier
model versions (Table S2). Indeed, a 1- or 3-compartment
intravenous bolus model and first-order elimination was also
tested but did not improve the fit. These models resulted in
higher BICc values of 1280.38 and 1232.47, respectively. In the
initial 2-compartment model, the interindividual variability of the
intercompartmental clearance (wQ) and the typical value of the
peripheral compartment volume (V2) exhibited high uncertainty,
with RSE values of 74.8% and 76.6%, respectively. Both exceeded
the predefined threshold of 50%. As a first step, wQ was fixed
at 0.49, which led to a decrease of the BICc value of —2.67
(BICc=1214.61). In a second step, since age explained 155% of the

variability of V2, and V2 was positively associated with log(Age)
(B_v2_logage = 1.38) (Table 2). Log(Age) was therefore added as a
covariate to the volume V2 (P value of Wald test = 1.07 x 1072).
The new value of V2 was then fixed at 22.12 L resulting in a new
decrease of the BICc value of —12.4 (BICc = 1204.88). In addition,
age also explained 24% of the variability in Cland Cl was positively
associated with log(Age) (B_c_logage = 0.40) (Table 2). As a final
step, log(Age) was then added as a covariate to the clearance Cl
(P value of Wald test =2.56 x 1072) resulting in a BICc decrease of
—14.88 (BICc = 1202.40).

In addition, different error models were tested (constant,
proportional, combined 1, and combined 2) and the error of
the combined 1 model gave the best description of the data
(ABIC = +431.43 for constant, ABIC = +7.53 for proportional,
and ABIC = 4 2.33 for combined 2) (Table S2). Finally, no
significant association was observed between the estimates.
The correlation between observed and predicted population and
individual ampicillin concentrations (derived from the empirical
Bayes estimate) is presented in Figure 1a. All the population PK
parameters obtained from the final model are summarized in
Table 2 and showed RSE values below 44.8% and no shrinkage
(<6.3%).
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Figure 1 (a) Goodness-of-fit plots on a log-log scale: observations vs population predictions (left) and individual predictions (right) for AMP
concentrations. The black line is the identity line, the blue dots are the observed values and the red dots are the censored values (below the
quantification limit). (b) Prediction-corrected visual predictive checks for AMP concentrations of the final model represented as prediction corrected
AMP concentrations over the time during the whole 48-h study period. Blue lines represent the 10th, 50th, and 90th percentiles of the observed
concentrations, blue areas are the prediction intervals of the 10th and 90th percentiles, light red areas are the prediction intervals of the median, dark
red area and red open circle are outliers, and the black and red dots are the observed and censored values, respectively. (c) Prediction-corrected visual
predictive checks for AMP concentrations of the final model represented as prediction corrected AMP concentrations over the time within 6-h interdose
intervals. Blue lines represent the 10th, 50th, and 90th percentiles of the observed concentrations, blue areas are the prediction intervals of the 10th and
90th percentiles, light red area is the prediction interval of the median, dark red area and red open circle are outliers, and the black and red dots are the
observed and censored values, respectively. Abbreviation: AMP = ampicillin.
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Internal validation of the PK model

The visual predictive check for the PK model of ampicillin plasma
concentration showed that the 10th, 50th, and 90th percentiles
of the observed data fell within the 90% prediction intervals
obtained from model simulations (Figure 1b and c). Ninety-
seven percent of the observed values were within the prediction
intervals, confirming the ability of the model to describe the
observed data. The distributions of the NPDE and IWRES metrics
as a function of time or plasma ampicillin concentration (Figure 2)
were symmetrical around zero value (symmetry test: P = .12 and
P = .39, respectively) and normally distributed (Shapiro-Wilk
test: P =.17 and P = .19, respectively). The parametric bootstrap
procedure showed a convergence of 100% of the 1000 runs. The
parameter based on the calculated 95% Cl and bootstrap results
supported the robustness and the stability of the final model
(Table 2).

Foal’s minimum inhibitory concentrations

The bacterial species isolated from the 7 patients included
Clostridium perfringens (from peritoneal fluid), Streptococcus equi
subsp. zooepidemicus (isolated from 4 patients: 1 from blood and
3 from umbilical remnants), Bacillus licheniformis (from blood),
and Enterococcus faecalis (from umbilical remnants). The MIC
data obtained were compared with the ECOFF values outlined in
the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) guidelines.*? When these values were not available, we
used clinical breakpoints defined by CLSI.** For C perfringens,
specific EUCAST breakpoints for ampicillin are not available but
the measured MIC of 0.06 ug/mL falls within the susceptible (S)
range of 0.5 mg/L, given by CLSI for anaerobes (CLSI, 2025). For
S equi subsp. zooepidemicus, the measured MIC was 0.06 mg/L,
which also falls within the susceptible (S) range, as the measured
MIC is well below the susceptibility EUCAST breakpoint (<0.125)
mg/L), indicating that the isolate is likely a wild-type strain. For
B licheniformis, the measured MIC was 0.25 mg/L. Since EUCAST
breakpoint of Bacillus spp. for ampicillin is not available, we used
CLSI breakpoints (CLSI M45, 2016) that indicates < 0.25 mg/L as
breakpoint of susceptibility. For E faecalis, the measured MIC was
0.5 mg/L, which falls within the susceptible (S) range of EUCAST
that is <4 mg/L, indicating that the isolate is a wild-type strain
without acquired resistance.

Simulations of dosing regimens

After identifying the final model, simulations were conducted to
evaluate the PTA for various ampicillin dosing regimens (15, 20, 30,
and 40 mg/kg) administered at different intervals (q4h, géh, and
g8h) over a 48-h treatment period. The 3 PK/PD targets assessed
were 50% fT > 1 x MIC,50% fT > 4 x MIC, and 100% fT > 1 x MIC,
with MICs ranging from 0.016 to 4 mg/L.

Figure 3 presents the PTA vs MIC profiles for the evaluated dos-
ing regimens, specifically for PK/PD targets of 50% fT > MIC and
100% fT > MIC. In our study population, the 20 mg/kg q6h regimen
achieved a PTA greater than 90% for MICs up to 0.5 mg/L when
the PK/PD target was 50% fT > MIC. For the stricter target of
100% fT > MIC, however, the same dosing regimen (20 mg/kg q6h)
resulted in a PTA greater than 90% for MICs up to 0.06 mg/L.

Forthe 100% fT > 1 x MIC target, only the g4h dosing interval—
regardless of dose—achieved a PTA greater than 90% at an MIC
of 0.125 mg/L. No tested regimen reached this PTA threshold for

MICs above 0.25 mg/L. In contrast, for the 50% fT > 1 x MIC
target, all tested regimens achieved a PTA greater than 90% at MICs
<0.125mg/L.Atan MIC below 0.5 mg/L, the g4h and g6h regimens
maintained a PTA of 90%. Finally, at an MIC of 2 mg/L, only the
higher-dose regimen of 40 mg/kg q4h achieved a PTA greater than
90%.

Since age was identified as a covariate of ampicillin clearance
and peripheral compartment volume (V2), the dosing regimens
tested on our study population (with a mean age of 92.8 &+ 75.8 h)
were also evaluated in simulated populations with varying age
distributions (Figure 4). Two age distributions with respective
median ages of 10 and 120 h were considered. A PTA greater
than 90% was observed for all tested regimens at MIC values
up to 0.5 mg/L in the youngest simulated population and up to
0.25 mg/L in the oldest. In the youngest simulated population,
all regimens, regardless of the dose administered every 4 h, were
associated with a PTA above 90% up to a MIC of 4 mg/L. In contrast,
in the oldest simulated population, only the high-dose regimen of
40 mg/kg every 4 h achieved a PTA greater than 90% up to a MIC
of 2 mg/L.

Discussion

The present study addresses existing knowledge gaps by propos-
ing a validated population PK model of ampicillin in sick foals.
The outcomes highlight the importance of age as covariate in
the model, proving the importance of correcting dosing regimens
based on foals characteristics, especially in ill subjects. The rec-
ommended dosage of ampicillin for foals (20-30 mg/kg of body
weight per day, administered in 2 doses 12 h apart), as stated in the
summary of product characteristics,** was not followed. Instead,
a dosage of 20 mg/kg every 6 h commonly recommended in the
literature for treating hospitalized foals was chosen.*:6:43:46

The administered dosage of 20 mg/kg every 6 h achieved opti-
mal PTA (>90%) for the 7 MICs measured (ranging from 0.06 to
0.5 mg/L) with a 50% fT > 1 x MIC target.

However, PD simulations suggested that this regimen was inad-
equate for higher MICs or for achieving a 100% fT > 1 x MIC target.
In such cases, higher doses (30-40 mg/kg) and more frequent dos-
ing intervals (every 4 h) were required to maintain effective drug
exposure. Age influenced PTA, with younger populations (median
age of 10 h) achieving > 90% PTA at higher MICs compared to older
populations (median age of 120 h), where only the highest dose
(40 mg/kg g4h) maintained > 90% PTA at a MIC of 2 mg/L. This
may be in line with an increase in volume of distribution and more
mature renal function by 4 days of age, as measured by clearance
studies in foals.*’

Although no population PK studies in horses for ampicillin
have been identified, a 2-compartment model for amoxicillin,*®
a closely related antibiotic, has been described, providing a
valuable framework for understanding the PKs of ampicillin
in this species. The PK parameters of ampicillin in horses, as
reported in the literature, show variability in clearance (Cl) and
volume of distribution (Vd). Kondampati et al.>® reported a Cl
of 0.33 £ 0.01 L/h/kg and a Vd of 0.44 £ 0.01 L/kg, which are
relatively similar to the values reported by Winther et al.,3° where
Clwas 0.42 £ 0.13 L/h/kg and Vd was 0.45 £ 0.05 L/kg. In contrast,
van den Hoven et al.*! reported lower Cl (0.24 + 0.02 L/h/kg)
and a significantly larger vd (0.68 + 0.22 L/kg), possibly reflecting
differences in dosing regimens and measurement techniques.
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Figure 2 (a) Diagnostic plots: IWRES (left) and NPDE (right) as a function of time. The blue dots are the observed values, and the red dots are the censored
values. (b) IWRES (left) and NPDE (right) as a function of individual and population predictions of ampicillin plasma concentrations. The blue dots are the
observed values, and the red dots are the censored values. (c) Empirical probability density function is represented by blue columns and theoretical
probability density function by the dashed black line of INRES (left) and NPDE (right). Abbreviations: IWRES = individual weighted residuals; NPDE =
normalized prediction distribution error.

In foals, Vd for water-soluble drugs is reportedly higher than in Following the selection of the 2-compartment model for ampi-
mature horses due to higher extracellular fluid volume.*® These cillin, the influence of covariates such as age, TBW, serum albumin,
variations highlight the influence of study design, administration and serum creatinine on the PK parameters was further explored
routes, and physiological factors on the PKs of ampicillinin horses. by integrating these factors into the basic model. In the present
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Figure 3 PTA of ampicillin vs MIC after intravenous bolus administration at different tested dosing regimens tested with the PK/PD target of 50% fT

>1 x MIC (a) and 100% fT > 1 x MIC (b). PTAis expressed as a percentage and the dashed line corresponds to 90% PTA. Columns represent the MIC
distribution from the study population measured in 7 foals: Bacillus licheniformis (n = 1 with MIC = 0.25), Streptococcus equi subsp. zooepidemicus (n = 4
with MIC =0.06), Clostridium perfringens (n =1 with MIC = 0.06), and Enterococcus faecalis (n = 1 with MIC = 0.5). Abbreviations: MIC = minimum inhibitory
concentration; PD = pharmacodynamics; PK = pharmacokinetics; PTA = probability of target attainment.
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Figure 4 PTA of ampicillin vs MIC after intravenous bolus administration at different tested dosing regimens tested with the PK/PD target of 50%

fT > 1 x MIC in the study population with a fixed median age of 10 h and a log-scale standard deviation of 0.5 (ie, approximately [6.07-16.49] in the
natural scale) (a) and with a fixed median age of 120 h and a log-scale standard deviation of 0.5 (ie, approximately [72.8-197.8] in the natural scale) (b).
PTA is expressed as a percentage and the dashed line corresponds to 90% PTA. Columns represent the MIC distribution from the study population
measured in 7 foals: Bacillus licheniformis (n = 1 with MIC = 0.25), Streptococcus equi subsp. zooepidemicus (n = 4 with MIC = 0.06), Clostridium perfringens
(n =1 with MIC =0.06), and Enterococcus faecalis (n = 1 with MIC = 0.5). Abbreviations: MIC = minimum inhibitory concentration; PD = pharmacodynamics;

PK = pharmacokinetics; PTA = probability of target attainment.

study, age was identified as a covariate for both peripheral com-
partment volume and ampicillin clearance, likely reflecting differ-
ences in maturation among the foals, whose ages ranged from 9 to
192 h. For clearance, serum creatinine showed a stronger associa-
tion than age (Figure S1), which is expected given ampicillin’s pri-
marily renal elimination, similar to other renally excreted antibi-
otics.*1%0 In our study, we have highlighted a significant associ-
ation between serum creatinine and ampicillin clearance. How-
ever, the presence of a markedly elevated serum creatinine value
(63.8 mg/L) in one foal (the youngest) compared to the rest of
the cohort (median: 12.8 [9.5-14.7] mg/L) limits the robustness of
this association confirmed by bootstrapping. Thus, we chose to
include age rather than serum creatinine in the PK model. Indeed,
the elevated serum creatinine level observed in the youngest foal
may represent spurious hypercreatininemia, a phenomenon that
can be encountered in foals less than 72 h old.*® For informa-
tive purposes, we examined the impact of renal impairment on
ampicillin PTA by evaluating serum creatinine levels (50, 100, and
150 mg/L), which are indicative of risk, injury, or acute renal fail-
ure, as previously described®~>3 (Figure S2). As expected, higher
PTA values were observed with worsening renal function for the
same ampicillin doses. For the peripheral compartment V2, the
influence of age on V2 may be related to weight gain and the

developmental changes that occur as foals mature. These changes
can alter the volume of distribution as the animal’s body com-
position and physiological characteristics evolve with age.>*~%¢
However, the effect of physiological changes in Vd is considered
more relevant for concentration-dependent drugs (eg, aminogly-
cosides) than time-dependent (eg, ampicillin) drugs.**->" In addi-
tion, other factors affecting the fluid balance, such as volume
contraction due to illness or expansion due to intravenous fluid
therapy, should also be taken into consideration. Most foals expe-
rienced some degree of fluid loss, either dehydration or hypov-
olemia, and received isotonic crystalloids according to estimated
deficits. The potential impact of these factors on ampicillin PK
was not quantified in this population but should be considered in
future analyses.

In the PK simulation, a fixed protein binding value of 15%
was employed to estimate the unbound (free) concentration
of ampicillin, as the pharmacological activity of antibiotics is
primarily determined by the free drug concentration at the site of
infection.”® The selection of this 15% binding value was based on
the average protein binding percentages reported in the literature
for horses. Notably, Diirr*” documented a protein binding of 8%
for both penicillin G and ampicillin, while Kondampati et al.*!
observed a binding of 14.5% for ampicillinin Indian Thoroughbred
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horses. In addition, Winther et al.3? reported a range of protein
binding values for ampicillin in plasma, from 11.5% to 25.5%,
depending on the drug concentration, with no significant
concentration-dependent effect. The chosen 15% binding value
is in alignment with existing data and provides a reliable estimate
of the unbound ampicillin concentration, which is critical for
accurately assessing its PK and PD properties in horses.® None
of the sampled foals exhibited hypoalbuminemia; thus, a relevant
effect of hypoproteinemia on ampicillin distribution is unlikely.
Although minor effects on protein binding from other factors,
such as coadministered drugs, cannot be entirely excluded, these
are considered negligible within the context of this preliminary PK
modeling study and do not affect the overall conclusions, while
remaining primarily relevant for future applications in therapeutic
drug monitoring.

The tested doses of 15 and 20 mg/kg administered every 6-8 h
were based on the dosing recommendations provided by Prescott
and Baggot (2025).%° In addition, we included dosing regimens of
15and 20 mg/kg every 4 h to evaluate the impact of more frequent
supplemental doses.®® Higher doses of 40 and 30 mg/kg were also
tested, as they correspond to the maximum recommended dose of
12 g found in the Standardized Compendium of Pharmaceuticals
forhuman use of ampicillin.?! These dosing regimens were chosen
to assess the PK and PD effects of varying dosages in horses, as
described by Horspool et al.3?

In critically ill foals, targeting 50% fT > 4 x MIC reflects a
more aggressive PK/PD goal than traditional 50% fT > MIC,
ensuring not only coverage but also maximizing bactericidal
potential. The adoption of this approach is justified by the
altered PK profiles observed in this population, the challenges
associated with pathogen eradication, and the evidence linking
higher antimicrobial exposures with improved clinical outcomes.
Although a dose of 40 mg/kg q4h appears sufficient to achieve an
acceptable PTA, continuous infusion may be a viable alternative,
helping to maintain PTA while reducing overall ampicillin
exposure and potentially lowering the risk of toxicity (eg, renal
toxicity).

At40 mg/kg, total ampicillin concentrations reach a Cmax equal
to or greater than 100 mg/L, which is quite high and can increase
the risk of toxic effects described for other antibiotics such as
amoxicillin at high doses (150 mg/kg/day).6?=* The 100% fT is
employed based on the theoretical antibacterial activity of peni-
cillins, which are time-dependent antibiotics, whereas the 50%
fT > MICis grounded on the PK/PD target typically associated with
ampicillin.%>=%7 We also tested the % fT > 1 x MIC or 4 x MIC, as
numerous studies have demonstrated that exposure to -lactam
% fT > MIC is often suboptimal in a wide range of disease states
and clinical settings.®8~"°

In this study, we considered a range of MICs for various bac-
terial pathogens relevant to equine infections.?*> The tested MIC
values were based on data from several sources, including stud-
ies by Léon et al.”* and van den Hoven et al.,*! which provided
MIC values for common equine pathogens such as Streptococ-
cus spp., Escherichia coli, and Staphylococcus aureus. In these
studies, the MIC for S aureus was set at 2 mg/L, while for S equi
subsp. zooepidemicus, a lower MIC range of 0.03-0.12 mg/L was
reported.®® The clinical relevance of these MIC values is further
underlined by the prevalence of resistant strains, with £ coli show-
ing fluctuating resistance patterns to penicillins between 2016 and
2019."

Table 3 Suggested ampicillin sodium dosing regimens in foals according
to age and MIC values.

Clinical scenario Recommended regimen

Newborn foals (<72 h old) and
MIC < 0.5 mg/L

Older foals with MIC > 0.5 mg/L
Any age—need to optimize PTA
while limiting overall exposure
MIC > 4 mg/L (E coli, E faecalis)

20 mg/kg IV every 6 h generally
adequate

30-40 mg/kg IV every 4 h
Continuous infusion may be
considered

Switching to an alternative
antimicrobial should be considered

Abbreviations: MIC, minimum inhibitory concentration; PTA, probability of
target attainment.

Furthermore, based on the dosing regimen simulation
conducted here, considering MICs ranging from 0.016 to 4 mg/L,
ampicillin may not be an appropriate antibiotic for pathogens
such as E coli or E faecalis, due to their EUCAST susceptibility
breakpoints of 8 and 4 mg/L, respectively. For clarity and practical
guidance, the key clinical take-home messages on ampicillin
dosing regimens in foals, based on our study, are summarized
in Table 3.

In general, the variation in MIC values across different
pathogens and over time reflects the complex antimicrobial
susceptibility profiles encountered in veterinary medicine and
the importance of continuous monitoring for effective treatment
strategies.

This study has some limitations that should be considered when
interpreting the results. The small sample size may restrict the
generalizability of the findings. In addition, the analysis measured
total ampicillin concentrations without distinguishing between
bound and unbound drug fractions, which could impact PK inter-
pretations. In addition, effects of concurrent therapies on drugs
distribution, metabolism, and elimination were not insighted. Fur-
ther research with a larger sample size and real-time assessment
of drug stability is needed to validate these results.

In conclusion, the present study provides valuable insights
into the use of ampicillin in neonatal healthcare, suggesting
that an optimal PTA (>90%) with a 50% fT > 1 x MIC can
be achieved with a dosage of 20 mg/kg every 6 h for MIC
below 0.5 mg/L. This approach enables more precise dosing for
critically ill neonates, improving clinical outcomes and helping to
mitigate the spread of antimicrobial resistance. Finally, the dosing
regimens proposed in this study should be tested in further clinical
trials.
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