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Abstract

Physiologically based pharmacokinetic (PBPK) models consist of compartments representing
different tissues. As most models are only verified based on plasma concentrations, it is
unclear how reliable associated tissue profiles are. This study aimed to assess the accuracy
of PBPK predicted beta-lactam antibiotic concentrations in different tissues and assess the
impact of using effect site concentrations for evaluation of target attainment. Adipose, bone
and muscle concentrations of five beta-lactams (piperacillin, cefazolin, cefuroxime,
ceftazidime and meropenem) in healthy adults were collected from literature and compared
to PBPK predictions. Model performance was evaluated with average fold errors (AFEs) and
absolute AFEs (AAFEs) between predicted and observed concentrations. In total, 26 studies
were included, 14 of which reported total tissue concentrations and 12 unbound interstitial
fluid (ulSF) concentrations. Concurrent plasma concentrations, used as baseline verification
of the models, were fairly accurate (AFE: 1.14, AAFE: 1.50). Predicted total tissue
concentrations were less accurate (AFE: 0.68, AAFE: 1.89). A slight trend for underprediction
was observed but none of the studies had AFE or AAFE values outside threefold. Similarly,
predictions of microdialysis-derived ulSF concentrations were less accurate than plasma
concentration predictions (AFE: 1.52, AAFE: 2.32). ulSF concentrations tended to be
overpredicted and two studies had AFEs and AAFEs outside threefold. Pharmacodynamic
simulations in our case showed only a limited impact of using ulSF concentrations instead of
unbound plasma concentrations on target attainment rates. The results of this study illustrate
the limitations of current PBPK models to predict tissue concentrations and the associated

need for more accurate models.
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Significance statement
Clinical inaccessibility of local effect site concentrations precipitates a need for predictive

methods for the estimation of tissue concentrations. This is the first study in which the
accuracy of PBPK predicted tissue concentrations of beta-lactam antibiotics in humans were
assessed. Predicted tissue concentrations were found to be less accurate than concurrent
predicted plasma concentrations. When using PBPK models to predict tissue concentrations
this potential relative loss of accuracy should be acknowledged when clinical tissue

concentrations are unavailable to verify predictions.

20z ‘€z |udy UOSeUINOr 13dSY e BI0sfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on January 13, 2023 as DOI: 10.1124/dmd.122.001129
This article has not been copyedited and formatted. The final version may differ from this version.

1. Introduction
Beta-lactam antibiotics are frequently used to prevent and treat infection of tissues by

extracellular bacterial pathogens. Certain patient populations could benefit from
pharmacokinetic (PK) optimization to improve treatment outcomes (Abdul-Aziz et al., 2020;
Fratoni et al., 2021) and as with most drugs, this is conventionally done using plasma or
serum concentration measurements instead of via local effect site concentrations. The use of
plasma concentrations to drive pharmacodynamic (PD) relationships is often justified by the
assumption that a rapid equilibrium between the unbound plasma concentrations and the
unbound interstitial tissue concentrations is installed (free drug hypothesis) (Mariappan et al.,
2013). In practice, the processes which govern the distribution of a drug from the vasculature
to tissues are not instantaneous and are highly variable between patients. Therefore, it
follows that the concentration in the target tissue can be a more relevant predictor of effect
than the unbound plasma concentration (Eichler and Mdller, 1998). Of course, the use of
plasma concentrations in PK/PD modelling does not stem from a misunderstanding of these
concepts, but rather from the issues associated with difficulties to sample tissue, as well as
with quantification and interpretation of tissue drug concentrations (Lin, 2006). Taking a
tissue biopsy, for example, is an invasive procedure only ethically feasible under certain
circumstances (e.g. during surgery) and is not suitable for repeated sampling. Additionally,
concentrations derived from whole tissue samples (homogenates) do not distinguish
between intra- and extracellular concentrations (Mouton et al., 2008; Mariappan et al., 2013).
Using microdialysis to probe unbound interstitial (extracellular) tissue concentrations is a less
invasive alternative to tissue biopsies, but involves a complicated and expensive procedure

(Plock and Kiloft, 2005).

In the absence of an efficient technique to measure effect site concentrations, the prediction
of tissue concentrations becomes a useful tool. While not its main application, physiologically
based pharmacokinetic (PBPK) modelling can offer an attractive alternative to achieve these
goals, as tissue concentrations are explicitly modelled with a set of differential equations

parameterized with physiological data (e.g. tissue volume and composition) (Jones and
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Rowland-Yeo, 2013; El-Khateeb et al., 2021). Most PBPK tissue compartments rely on the
assumption that the rate of tissue distribution is perfusion-limited (i.e. only restricted by the
blood flow), in other words that capillaries of tissues are sufficiently discontinuous to allow
diffusion to the extracellular space (Rowland and Tozer, 2011; Holt et al., 2019). This is not
always the case. For example, diffusion through the blood-brain barrier is often limited by
tight junctions and efflux transporters (Rowland and Tozer, 2011). Multi-compartmental
permeability limited distribution models are required for such processes, which require in
vitro permeability data to parameterize (Gaohua et al., 2016). The extent of distribution of a
drug to specific tissues, quantified as tissue-to-plasma partition coefficients (Kps), is required
as input for perfusion-limited PBPK models. Kp values can be obtained from in vivo rodent
studies but most commonly they are predicted based on tissue composition and the
physicochemical drug properties (Holt et al., 2019). These composition-based equations
assume passive distribution and were validated based on observed Kp values in rodents and
on volume of distribution at steady state observations in humans (Poulin and Theil, 2002;
Rodgers and Rowland, 2007). While multiple studies have used these equations to predict
concentrations in perfusion-limited tissues, only some of these predicted profiles have been
verified with clinical observations (Garreau et al., 2022), mainly due to a lack of human tissue
concentration data (Zhu et al., 2015, 2016, 2022; Guo et al., 2018; Alhadab and Brundage,
2020). Systematic verification of PBPK predictions in tissues has not been carried out and

therefore, little is known about their accuracy.

This study focusses on the accuracy and applicability of PBPK predicted tissues
concentrations in humans. The primary aim was to compare clinically observed tissue
concentrations with PBPK predictions for a selection of beta-lactam antibiotics (piperacillin,
cefazoline, cefuroxime, ceftazidime and meropenem) in perfusion-limited tissues (adipose,
bone and muscle). The secondary aim was to compare target attainment rates using either

unbound plasma or unbound interstitial tissue concentrations in different virtual populations.
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2. Materials and Methods

2.1. Physiologically based pharmacokinetic (PBPK) models

Physiologically based pharmacokinetic (PBPK) predictions in plasma and tissues were
performed for five beta-lactam antibiotics, namely piperacillin, cefazolin, cefuroxime,
ceftazidime and meropenem. The Simcyp® Simulator V20 (Jamei et al., 2009) was used as
the modelling platform. In this simulator the distribution of drugs to perfusion-limited tissues is

modelled using a well-stirred tank assumption (Jamei et al., 2014) (Equation 1):

L= &g, - 1) Eq.1

dt Vr (Kp/BP)

where Cr is the total tissue concentration, C, is the total arterial blood concentration, Q and
Vr represent the tissue blood flow and volume, respectively, BP is the blood-to-plasma
concentration ratio and Kp is the tissue-to-plasma partition coefficient. Unbound
concentrations in the interstitial fluid were estimated based on the total tissue concentrations
by multiplying the total tissue concentrations by the ratio of the free fraction in plasma to the

Kp value (Equation 2, derivation in supplementary material):

dCispu _ fuplasma dCr Eq 2

dt Kp dt

where Csp,, is the unbound concentration in the interstitial fluid and  fu,;q5mq is the free
fraction in plasma. This approach is based on two additional assumptions, namely: i) at
distribution steady state, the unbound interstitial concentration equals the unbound plasma
concentration (free drug hypothesis) and ii) an instant equilibrium between the interstitial and

intracellular compartments of the tissue is installed.

For piperacillin, a compound model was developed while for the other drugs published
models were used without any adaptation (Hsu et al., 2014; Zhou et al., 2016; Abduljalil et
al.,, 2022). The specific drug-dependent input parameters are given in Table 1. The
substrates are low molecular weight (< 547 g/mL) hydrophilic acids (LogP < 0.50) and are not

expected to enter red blood cells (blood-to-plasma ratio = 0.55). The substrates mainly differ
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in the extent to which they are bound to serum albumin (2%, meropenem — 77%, cefazolin).
Tissue-to-plasma partition coefficients (Kp) were estimated based on the Rodgers &
Rowland equations (Rodgers and Rowland, 2007). For cefazolin and cefuroxime, the models
apply a scalar of 0.7 to the Kp predictions to better fit the plasma concentrations in the
original model development studies (Hsu et al., 2014; Abduljalil et al., 2022). The piperacillin
model was verified for plasma predictions with published data in healthy volunteers receiving
single and multiple doses (3g, 49 and 69) of piperacillin (-tazobactam). As no changes were
made to the input parameters of the other substrate models, they were deemed fit for
purpose based on the verifications carried out by the original model authors (Hsu et al.,

2014; Zhou et al., 2016; Abduljalil et al., 2022).

The sensitivity of the models to changes in Kp values was evaluated by simulating single
dose (1g bolus) regimens of the five antibiotics when Kp values were predicted with the
following alternative methods: Poulin & Theil with a Berezhkovskiy correction (Poulin and
Theil, 2002; Berezhkovskiy, 2004) (Method 1 in Simcyp®), Rodgers & Rowland with ion
membrane permeability (Method 3 in Simcyp®) and the Schmitt method (Schmitt, 2008).
The last method is not available in Simcyp® V20 and was therefore implemented using the R
script and uniform tissue distribution proposed by Utsey and colleagues (Utsey et al., 2020).
The resulting alternative Kp values are given in supplementary Table S1, together with the
original Kp values predicted with the Rodgers & Rowland method ((Rodgers and Rowland,

2007), Method 2 in Simcyp®).

2.2. Collection of observed data

Studies which reported concentrations of the selected beta-lactam antibiotics in non-
pathologic perfusion-limited tissues of adult humans were identified through a structured
PubMed search. Non-pathologic tissue was defined as not infected and not originating from
hypothermic or obese subjects. The perfusion-limited tissues evaluated included adipose
(fatty tissue), bone and muscle (skeletal or cardiac muscle). When multiple studies for a

given tissue-drug pair were available, the most comprehensive and representative study
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was selected based on the following ordered criteria: i) plasma data available, ii) relatively
healthy population, iii) study not yet included in the work, iv) most recent suitable study. This
last criterion (publication year) was chosen as a reproduceable selection criterion over harder
to define metrics such as richness of sampling or data quality. The study search procedure
was done for total- (biopsy homogenate) and unbound interstitial fluid (ulSF, obtained by

microdialysis) tissue concentrations separately.

For each of the studies, the following parameters were collected to inform the design of the
simulations: number of subjects, minimum and maximum age, number of female subjects
and the dosing regimen administered. Other physiological data needed for the simulations
were sampled from a reference patient population (“North European Caucasian” in the
simulator). The following PK profiles and parameters were collected for model verification:
concentration-time profiles in tissue and plasma, area under the curve in plasma (AUCpiasma),
AUC in tissue (AUCqssue) and penetration ratio (AUCssue/AUCpiasma). Data from plots were
digitized with the aid of WebPlotDigitizer (Rohatgi, 2021). When tissue concentrations were
expressed as a mass/mass ratio they were converted to mass/volume concentrations by
multiplying them with the tissue densities used in the simulator: 0.923 kg/L for adipose, 1.85

kg/L for bone and 1.04 kg/L for muscle, respectively.

2.3. PBPK model verification

For model verification, PBPK predicted concentration-time profiles and PK parameters in
plasma and tissue were compared with observed data. This was done by calculating fold

errors (FE) for each observed concentration or parameter with Equation 3:

FE = Xpredicted Eq.3

Xobserved

where X is a PK parameter of interest or a concentration at a specific timepoint. The average
fold error (AFE) and the absolute average fold error (AAFE) for all concentrations of a study

were calculated with Equation 4 and 5, respectively:

1
AFE = 10n%!09(FE) Eq.4
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1
AAFE = 10n2109(FE)] Eq.5

where n is the number of observations and FE the fold error calculated by equation 3.
Simulations were deemed successful when FEs of PK parameters were within twofold (0.5-2)
and when the AFE and AAFE of the concentration-time profile were within twofold and
smaller or equal to 2, respectively. The overall AFE and AAFE were calculated by putting the

study specific AFE or AAFE into equations 4 and 5, respectively.

2.4. PBPK-PD simulations

To evaluate the impact of using effect site concentrations instead of plasma concentrations
on PK/PD target attainment in different populations, standard- and high dosage regimens
recommended by the European Committee on Antibiotic Susceptibility Testing (EUCAST)
(The European Committee on Antimicrobial Susceptibility Testing, 2022) were simulated. For
the first dose of each of the regimens, the time during which the concentration exceeded the
non-species specific resistant minimal inhibitory concentration breakpoint (MIC) was
calculated as a percentage of the dosage interval (fT>MIC). Investigated concentrations were
unbound plasma and ulSF adipose concentrations. Adipose was chosen as example tissue
as its perfusion changes in obese patients, a population evaluated in the simulations. Targets
for fT>MIC were set at 50% for piperacillin, 60% for the cephalosporins and 40% for
meropenem (Masich et al., 2018). Simulations were done with 1000 virtual patients (49.8%
male, between 20 and 80 years old) sampled from a reference population (North European
Caucasian), a population with a cardiac output twice that of the reference population, a
population with a cardiac output half of the reference population, an obese (body mass index
(BMI) between 30-40) population and a morbidly obese (BMI > 40) population. The obese
populations were developed by Ghobadi et al, and differ from the reference population in
terms of body weight, renal function, cardiac output and plasma protein concentrations

(Ghobadi et al., 2011).

10
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3. Results

3.1. Piperacillin PBPK model development and verification

First, a PBPK model of piperacillin was developed and verified using plasma concentrations
in healthy volunteers. PBPK predictions for piperacillin in plasma after single and multiple
intravenous administration are shown in the supplementary materials (Figure S1 in
supplementary material). Of the eight simulated studies, seven passed the model
performance criteria (Table S2 in supplementary material). The overall AFE and AAFE for
the plasma concentrations were 0.85 and 1.44, respectively. The overall AFE and AAFE of
the six reported AUC values were 0.84 and 1.19, respectively. The only study which did not
meet the verification criteria had an AFE and an AAFE for the plasma profiles of 0.48 and
210 and a FE for the AUC of 0.45, indicating that the PBPK model marginally
underpredicted the observed concentrations. However, as no general trend for
underprediction could be discerned across the seven studies which passed the model
performance criteria (overall AFE = 0.95 and 0.94 for profiles and AUC respectively), the

piperacillin PBPK model was deemed fit for purpose.

3.2. PBPK model verifications of tissue and concurrent plasma concentrations

The PubMed search to identify studies reporting tissue concentrations of the five beta-
lactams yielded 78 studies which fitted the inclusion criteria, 26 of which were selected for
model verification (Table S3 in supplementary material). Study subjects were mainly non-
obese patients without reported renal insufficiency undergoing elective surgical procedures
(Table S4 in supplementary material). All 26 included studies except one (Kaukonen et al.,
1995) reported plasma concentrations. Study-specific simulation inputs and model
verification assessments are given in Table 2. Details regarding the applied analytical

procedures are summarized in supplementary Table S5.

3.3.1. Accuracy of concurrent plasma concentrations

The observed and predicted plasma concentration-time profiles of the five beta-lactams are
presented in Figures 1 and 2. In general, observed plasma concentrations were captured

well by the PBPK simulations as all but three studies (79%) complied with the

11
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beforementioned model performance criteria (Table 2). The overall AFE and AAFE were 1.14
and 1.50, respectively (Figure 3A), indicating a minor trend for overprediction (+14%). Of the
three studies which did not pass the model performance criteria (AFE and AAFE within
twofold), one was noticeably overpredicted by the model, having an AFE and AAFE larger
than 3 (Brunner et al., 2000). While piperacillin was administered in two of the three
inaccurately predicted studies, no statistically significant differences in AAFEs between drugs
could be discerned (Kruskal-Wallis, P = 0.2). Ten studies reported plasma AUC values, eight
of which were within twofold of the predictions (fold errors in Table 2, AUC values in

supplementary Table S6).

3.2.2. Accuracy of total tissue homogenate concentrations

Of the 26 included studies, fourteen reported total tissue homogenate concentrations. These
biopsy concentrations spanned all drug-tissue pairs except for meropenem in adipose tissue,
for which no suitable study could be identified. The observed and PBPK predicted total tissue
concentrations are given in Figure 1. Half of the simulated concentration-time profiles in
tissue (7/14) did not pass the model performance criteria (AFE and AAFE within twofold). All
AFEs and AAFEs were, however, within a more lenient threefold interval (Table 2). The
overall AFE and AAFE were 0.68 and 1.89 respectively, indicating that the models in general
underpredicted the observed total tissue concentrations (-32%) (Figure 3B). The time interval
when tissue samples were collected was limited, with most observations being between 0.5
and 2 hours post-dose and no noticeable trend of AFE in function of time could be picked up
(supplementary Figure S2). None of the studies reported AUC;sse and this parameter was

therefore not compared with simulated data.

3.2.3. Accuracy of unbound interstitial fluid concentrations

Twelve studies were included which reported microdialysis (ulSF) concentrations of the
selected drugs (Table 2). No suitable studies could be identified which probed ceftazidime
concentration in the interstitial space and not all remaining tissue-drug pairs could be

assessed due to a lack of studies reporting on muscle and bone ulSF concentrations. The
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observed and PBPK predicted ulSF tissue concentrations are given in Figure 2. Half of the
simulated concentration-time profiles in ulSF of tissue (6/12) did not pass the model
performance criteria (AFE and AAFE within twofold) (Table 2). Two of those studies had AFE
and AAFE outside the 3 fold criteria (Brunner et al., 2000; Schwameis et al., 2017). The
overall AFE and AAFE were 1.52 and 2.32, respectively, indicating that the models were
mostly inaccurate and tended to overpredict the observed ulSF concentration profiles (+52%)
(Figure 3C). Additionally, a small trend for larger AFE at earlier sample points could be
discerned (supplementary Figure S2). Of the nine observed AUC,se parameters, five were
within twofold of the predicted value (fold errors in Table 2, AUC values in supplementary
Table S6). Eleven studies reported AUCqssue/AUCasma ratios, of which eight were within
twofold of the predicted values (fold errors in Table 2, AUC values in supplementary Table

S6).

3.3. Sensitivity of the models to alternative Kp values

The sensitivity of the predicted Kp values to different estimation methods is given in
supplementary Table S1. Bone and muscle Kp values are generally more than 2-fold higher
when the Berezhkovskiy-corrected Poulin & Theil method or Schmitt method is applied
instead of the Rodgers and Rowland equations. These increases are most pronounced for
muscle and for the corrected Poulin & Theil method. For adipose tissue, the predicted Kp
values are more consistent across the different methods. When the Rodgers & Rowland
method is extended to model ion permeability, Kp values are consistently lower across
antibiotics and tissues, although the decreases are minor (maximum -29%). The variability in
Kp values also translates to differences in simulated concentration-time profiles
(supplementary Figure S3). With the corrected Poulin & Theil and Schmitt methods, tissue
concentrations are consistently higher than with the original models (Rodgers & Rowland
method), especially for bone and muscle. Furthermore, changing the Kp estimation method

also noticeably changes the plasma concentration profiles.

3.4. PBPK-PD simulations in virtual populations
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The PBPK simulated concentration profiles of the five beta-lactams in the different virtual
populations are given in supplementary Figure S4 (standard dosage) and Figure S5 (high
dosage). Relevant physiological summary characteristics of the populations are presented in
supplementary Table S7. In Figure 4 and supplementary Figure S6, the PK/PD target
attainment (using fT>MIC) of respectively standard- and high dosage regimens was
calculated based on unbound plasma and ulSF adipose tissue concentration profiles and

conventional PK/PD target values.

The mean PK/PD target attainment rate (fT>MIC) for the standard dosage based on unbound
plasma concentrations exceeded the conventional targets in the reference population for all
beta-lactams except cefuroxime (Figure 4). When the ulSF adipose concentration was used
to drive the PK/PD simulations, the same conclusions could be drawn, with slight increases
in time above MIC (increase of 2-5% fT>MIC). Increasing the cardiac output of the reference
population by a twofold (i.e. high cardiac output population) yielded similar fT>MIC as in the
reference scenario, with the exception that the difference in target attainment between
unbound plasma and ulSF of adipose tissue became smaller (increase of 1-2% fT>MIC when
using ulSF concentrations). Decreasing the cardiac output of the reference population by 50
percent (i.e. low cardiac output population) resulted in similar target attainment with slightly
increased differences between unbound plasma and ulSF of adipose tissue target attainment
(increase of 5-12% fT>MIC when using ulSF concentrations) (Supplementary Figure S7).
Simulating the standard dosage regimens in an obese population (BMI 30-40) resulted in
lower PK/PD target attainment with mean times above the MIC being below target for
cefuroxime, ceftazidime and meropenem. Simulations with a morbidly obese population (BMI
> 40) further lowered target attainment with piperacillin being the only beta-lactam reaching
an adequate time above the MIC for standard dosages. For both obese populations relative
differences in target attainment when using unbound plasma or ulSF adipose concentrations
were similar as in the reference population (increase of 1-4% fT>MIC when using ulSF

concentrations).

14
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When high dosage regimens were simulated (supplementary figure S5), PK/PD target
attainment increased to the extent that for all drugs except cefuroxime, all virtual populations
had fT>MIC above the conventional targets (supplementary figure S6). Relative differences
between PK/PD target attainment when using unbound plasma or ulSF adipose

concentrations were similar to what was observed with the standard dosages.

As species-specific breakpoints can deviate from the non-species specific breakpoint (Table
S8), the effect of varying the MIC on target attainment was also evaluated. The relative
differences in target attainment between unbound plasma and ulSF remain fairly constant
when the MIC target is altered (Figure S8 for standard dosage, Figure S9 for high dosage).
Only when the MIC breakpoint is high and associated target attainment low does the fT>MIC
based on ulSF become slightly smaller than target attainment based on unbound plasma

concentrations.
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4. Discussion
Knowledge of the extent to which drugs distribute to tissues is essential for exposure-

response relationships when drug targets are located outside the vasculature. Measuring
tissue concentrations is often not possible and predictive methods for the estimation of effect
site concentrations such as PBPK are therefore of great utility. In the present study the
accuracy of PBPK for the prediction of plasma and tissue concentrations was evaluated. This
was done by comparing observed clinical data from literature sources with PBPK model

predictions for five beta-lactam antibiotics.

The observed plasma concentrations were well captured by the PBPK models, which gives
some confirmation that inaccuracies in tissue predictions are not the result of mis-specified
plasma predictions. Additionally, it serves as an external verification of the previously
published models and a supplementary verification for the developed model for piperacillin.
These verifications, however, are somewhat limited as only relatively healthy adult

populations and mostly single-dose regimens were evaluated.

Predictions of total tissue concentrations in adipose, bone and muscle tissue were less
accurate than corresponding plasma predictions. This is not surprising given the inherent
sampling and analytical challenges associated with quantifying drugs in tissue biopsy
samples (Lin, 2006). A slight trend for underpredicted concentrations has also been
discerned. As most studies did not correct for blood contamination (supplementary Table
S5), observed concentrations could have been artificially elevated due to blood containing
microvasculature in the biopsy samples. Another major drawback of the observed total tissue
concentrations was that the sampling points were generally more sparse than the plasma
sample points and that the first sample was often taken some time after administration of the
antibiotic, which makes assessments about the initial shape of the profile (distribution phase)
difficult. This is intrinsic to the sample type due to it being unfeasible/unethical to take
multiple tissue biopsy samples in the same patient or before adequate antibiotic levels are

reached. Inaccuracies might also have been caused by the fact that PBPK models lack
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spatial resolution for adipose, muscle and bone tissue, both in location within the body and
within the tissues. For example, while the differences in composition of cortical- and
cancellous bone are known to impact antibiotic penetration (Landersdorfer et al., 2009), no
distinction between these bone segments are made in the model. Similarly, identical
concentration-time profiles will be predicted for visceral and subcutaneous fat, while
perfusion and composition of these adipose tissues differ (Virtanen et al., 2002; Lafontan,
2013). It has also been stated that the equations typically used to model perfusion-limited
tissue distribution are not always correct, and that a distinction needs to be made between
perfused and total volume (Berezhkovskiy, 2010; Thompson and Beard, 2011). The choice of
an alternative Kp estimation method could also have altered model performance, as is
evident by the large variabilty in Kp values originating from different methods
(supplementary Table S1). However, no attempt was made to identify the best Kp value for
each drug/study, as changing a Kp value also impacts the estimated volume of distribution
and plasma concentrations (supplementary Figure S3). A fitting tool would be required which
optimizes the Kp value in function of both tissue and plasma concentrations, but this is
currently lacking in the PBPK software. To the best of our knowledge, the recent work of
Garreau et al is the only PBPK study which verified perfusion-limited tissue concentration
profiles with observed data. They found that predictions of daptomycin bone and skin
concentrations were within twofold of observed values (Garreau et al., 2022), which concurs

with the results presented here.

In perfusion-limited PBPK models, concentrations in tissues are mostly represented as total
concentrations, without a distinction between interstitial and intracellular concentrations. As
ulSF concentrations are the relevant (effect site) concentrations of beta-lactam antibiotics,
the total concentrations were converted to ulSF concentrations. Predictions of these ulSF
concentrations were generally less accurate than plasma and total tissue predictions, with a
trend for overprediction. These overpredictions suggest that reaching an equilibrium between

plasma and interstitial space is slower than expected or is not reached at all. Multiple
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included studies indeed indicated a longer time to maximum concentration (Tmax) in tissue
than predicted by the PBPK models (Douglas et al., 2011; Brill et al., 2014; Roberts et al.,
2015), which might suggest that the perfusion-limited well-stirred tank model does not
adequately capture the distribution phase in tissues and permeability-limited models might
need to be considered. It should be mentioned however that the length of microdialysis
collection intervals (15-60 minutes, Table S5) and differences in reported timepoints
(midpoint versus endpoint of interval) makes a precise estimation of the observed Tmax
difficult. As for the extent of distribution at equilibrium, the free drug hypothesis (i.e. the
model assumption) implies that the ratio of the AUC of ulSF to the AUC of unbound plasma
approaches unity. This was not the case in multiple studies, with ratios ranging between 0.3
(Busse et al., 2021 c) and 1.8 (Schwameis et al., 2017). The limited dataset and large
variability of ulSF concentrations between and within studies does not allow for any
statement to be made on whether this can be seen as evidence against the free drug
hypothesis. More specifically, the between-subject variability in observed ulSF
concentrations was considerably larger than the twofold criteria in multiple studies (Tattrup et
al.,, 2019; Busse et al., 2021 b; Busse et al., 2021 c), which implies that even a perfectly
specified mean prediction would have been associated with a larger AFE than tolerable. This
can be explained by the fact that microdialysis procedures are known to be associated with a
high degree of variability due to inter-individual and inter-catheter variability in relative
recovery (Busse et al., 2021 a). Consequently, the applied twofold criteria might be too
stringent for (ulSF) tissue predictions. As an alternative for fixed x-fold acceptance limits,
alternative acceptance criteria based on the sample size and variation of the observed
parameter have been proposed (Abduljalil et al., 2014). However, this method could not be
consistently applied in this work due to missing variation measurements for observed

concentrations.

PK/PD simulations show that using ulSF instead of unbound plasma concentration did not

result in significant changes to target attainment. For the investigated drugs and regimens
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the distribution phase barely influenced the target attainment rate, as the time it takes for the
tissue concentrations to exceed the MIC was very limited relative to the dosing interval. Put
differently, PBPK simulations showed only minor time delays (hysteresis) between plasma
concentration and response (ulSF adipose concentration). The time above MIC is even
somewhat longer for ulSF concentrations because in distribution equilibrium they slightly
exceed the unbound plasma concentrations. This seemingly unexpected finding can be
explained by the equilibration delay between arterial and venous concentrations, which
stems from the time blood takes to circulate between these two pools. As the tissue
concentration is assumed to be in equilibrium with the arterial concentration (well-stirred tank
model), it follows that it will be different from the sampled venous plasma concentration
(Musther et al., 2015). Either way, as the simulations do not show pronounced distributional
hysteresis for the evaluated tissues and antibiotics, the added value of effect-site

concentrations appears limited in this case.

The accuracy assessment of PBPK predicted tissue concentrations was focused on relatively
healthy adult subjects and tissues. This approach was chosen as current PBPK models of
perfusion-limited tissues are limited in their functionality to distinguish between healthy and
sick tissue. For example, while there are reports that septic shock impacts tissue penetration
(Joukhadar et al., 2001), important tissue alterations associated with sepsis such as capillary
leakage and microcirculation abnormalities cannot be modelled in current PBPK models
(Ibarra et al., 2020; Sanz Codina and Zeitlinger, 2022). Tissue perfusion, expressed as the
tissue blood flow over volume ratio, can be changed however and the effect of varying this
parameter on target attainment was evaluated. Differences in target attainment between
unbound plasma and ulSF became larger when cardiac output was decreased, which is in
line with the previous statement on delay between venous and arterial concentrations. The
simulated obese populations showed a lower target attainment than the reference population
in unbound plasma, probably due to elevated renal function and bodyweight in these

patients. However, differences in target attainment between ulSF and unbound plasma were
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similar as in the reference population. This is in contrast with some reports which note less
tissue distribution in obese patients relative to healthy volunteers (Toma et al., 2011; Brill et
al.,, 2014), while in others studies no difference in relative distribution could be discerned
(Busse et al., 2021 b; Busse et al., 2021 c). Overall, the PK/PD simulations of the
investigated beta-lactams show a limited impact of changing physiology on simulated ulSF

penetration.

In conclusion, PBPK predicted tissue concentrations were found to be less accurate than
concurrent plasma concentrations but generally were within a threefold of observed data.
These results imply that tissue predictions originating from PBPK models only verified with

plasma data should be interpreted with caution.
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Figure legends

Figure 1: Physiologically based pharmacokinetic (PBPK) predicted (lines) and observed
(squares and circles) concentrations of five beta-lactam antibiotics in plasma (red continuous
lines and circles) and three different tissues (blue dashed lines and squares). Tissue
concentrations are total concentrations of tissue biopsy homogenates, plasma
concentrations are total concentrations. Shaded areas denote twofold intervals around the
predicted population mean. Smaller squares or circles represent individual datapoints
whereas larger symbols denote mean data. Error bars represent reported standard
deviations. See Table 2 for simulation trial settings and supplementary Tables S4 and S5 for

additional demographic and bioanalytical details regarding the observed data.

Figure 2: Physiologically based pharmacokinetic (PBPK) predicted (lines) and observed
(squares, circles and triangles) concentrations of four beta-lactam antibiotics in the interstitial
fluid of perfusion-limited tissues and plasma. Unbound plasma concentrations (orange
triangles) are shown when total plasma concentrations (red circles) were not reported.
Tissue concentrations (green squares) are microdialysis-sampled unbound concentrations in
the interstitial fluid (ulSF). Shaded areas denote twofold intervals around the predicted
population mean. Smaller squares or circles represent individual datapoints whereas larger
symbols denote mean data. Error bars represent reported standard deviations. See Table 2
for simulation trial settings and supplementary Tables S4 and S5 for additional demographic

and bioanalytical details regarding the observed data.

Figure 3: Predicted versus observed concentrations of the five beta-lactams in plasma (A),
total tissue biopsy homogenates (B) and unbound interstitial fluid (ulSF) probed by
microdialysis (C). Dashed and dotted lines denote two- and threefold deviations from the line
of unity, respectively. Smaller squares or circles represent individual datapoints whereas
larger symbols denote mean data. The overall average fold error (AFE) and overall absolute

average error (AAFE) are averages of the AFE and AAFE of the specific studies.
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Figure 4: Target attainment using standard dosages recommended by the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) in five different virtual
populations using different physiologically based pharmacokinetic (PBPK) predicted
concentrations as input. The mean time the unbound plasma concentration (orange circles)
and adipose unbound interstitial fluid (ulSF) concentration (green triangles) exceed the non-
species specific resistant minimal inhibitory concentration breakpoint (MIC) is given as a
percentage of the dosage interval, together with 5-95% percentiles (lines). The dashed lines
represent conventional antibiotic-specific goals for target attainment. See supplementary
Figure S4 and Table S7 for the simulated profiles and population characteristics,

respectively.

30

20z ‘€z |udy UOSeUINOr 13dSY e BI0sfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

Tables

Table 1: Input parameters of the physiologically based pharmacokinetic (PBPK) compound models

Drug Piperacillin Cefazolin Cefuroxime Ceftazidime Meropenem
Beta-lactam class Penicillin Cephalosporin Cephalosporin Cephalosporin Carbapenem
Physicochemistry & blood binding

Molecular weight (g/mol) 5176 4545 424 4 546.6 383.5
Compound type Monoprotic acid Monoprotic acid Monoprotic acid Diprotic acid Monoprotic acid
Dissociation constants (pKa) 4414 3.60 3.15 2.77 & 3.88 3.47
Octanol-to-water partition coefficient (LogPo.w) 0.50 ¥ -0.58 -0.90 -4.55 -4.35
Blood-to-plasma ratio (B/P) 0.55 0.55 0.55 0.55 0.55

Free fraction in plasma (f,) 0.80 0.225 0.67 0.90 0.98

Main serum binding protein Albumin Albumin Albumin Albumin Albumin

Distribution model (full PBPK)

Vss prediction method

Rodgers & Rowland

Rodgers & Rowland

Rodgers & Rowland

Rodgers & Rowland

Rodgers & Rowland

Global tissue-to-plasma (Kp) Scalar 1.0 0.7 0.7 1.0 1.0
Elimination
Renal clearance ) GFR + transport GFR + transport GFR + transport CLr typical =6.8 L/h CLr typical =8.4 L/h
CLint OAT1 (uL/min/10° cells) {RAF/REF} 0.208 {1.0} 9.62 {1.0}
CLint OAT3 (uL/min/10° cells) {RAF/REF} 0.4875 {11.6)* ™ 7.28 {1.0}
CLint MRP4 (uL/min/10° cells) {RAF/REF} 41.43 {1.0} 10.00 {1.0}

Additional systemic clearance

44Lm"

CLint HLM = 0.436
yL/min/mg protein

0.1L/h

3.6 L/h

Validation reference

Supplementary data
(Figure S1 & Table

S2)

(Abduljalil et al.,
2022)

(Hsu et al., 2014)

(Zhou et al., 2016)

(Zhou et al., 2016)

% lumped CLint for OAT1 & 3

[1-7]: references: 1: Pubchem, 2: (Sorgel and Kinzig, 1993), 3: (Benet et al., 2011), 4: (Cristea et al., 2021), 5: (Wen et al., 2018), 6: (Fisher et al., 2019), 7 (Bulitta et al., 2010)

Abbreviations: CLiy: in vitro intrinsic clearance, CLg typical: typical renal clearance for a healthy 20-30 year old healthy male, GFR: glomerular filtration rate, HLM: human liver microsomes, MRP4:
multidrug resistance-associated protein (apical efflux transporter), OAT1-3: organic anion transporter 1-3 (basal uptake transporters), RAF/REF: Relative Activity Factor or Relative Expression
Factor, Vs: volume of distribution at steady state
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Table 2: Accuracy of model predictions in tissue and plasma

Simulation parameters Physiologically based pharmacokinetic (PBPK) model assessment

IV dose Age in Plasma Tissue FE area under the curve (AUC)

Drug - matrix pair

(infusion N years Females Profiles Profiles Reference observed
duration) (min-max) AFE AAFE AFE AAFE Plasma Tissue Tissue/Plasma  data
Piperacillin
Adipose (total) 4 g (30min) 18 29-77 50% 0.88 1.42 1.48 1.48 0.88 N.R. N.R. (Kinzig et al., 1992)
Bone (total) 3 g (30min) 9 44-86 30% 0.84 1.31 0.50 2.05 N.R. N.R. N.R. (Incavo et al., 1994)
Skeletal muscle (total) 5 g (30min) 14 21-74 50% 0.68 1.71 0.91 2.06 N.R. N.R. N.R. (Russo et al., 1982)
Adipose (ulSF) 4 g (30min) 15 18-65° 60% 1.20 1.60 1.29 1.89 N.R. N.R. N.R. (Busse et al., 2021 b)
Adipose (ulSF) 4 g (10min) 6 25-37 0% 3.29 3.29 9.33 9.33 3.10 7.32 2.25 (Brunner et al., 2000)
Skeletal muscle (ulSF) 4 g (10min) 6 60-72 17% 0.48 2.07 0.92 1.28 0.47 0.88 1.78 (Joukhadar et al., 2001)
Cefazolin
Adipose (total) 1.g (4min) 10 52-79 20% 1.54 1.54 0.50 2.00 N.R. N.R. N.R (Ohge et al., 1999)
Bone (total) 2 g (15 min) 43 59-91 84% 1.26 1.32 0.50 2.12 N.R. N.R. N.R (Yamada et al., 2011)
Skeletal muscle (total) 2 g (25 min) 11 18-65° 50% 1.30 1.43 0.49 2.03 N.R. N.R. N.R. (Sinagowitz et al., 1976)
Adipose (ulSF) 2 g (1min) 7 42-61 46% 1.34 1.34 1.28 1.28 N.R. N.R. 0.96 (Brill et al., 2014)
Adipose (ulSF) 1 g (5min) 30 19-65 17% 1.46 1.46 1.87 1.87 1.12 1.58 1.35 (Roberts et al., 2015)
Adipose (ulSF) 2 g (3 min) 12 59-81 0% 1.04 1.29 1.43 1.65 1.71 2.01 1.17 (Douglas et al., 2011)
Cefuroxime
Adipose (total) 1.5 g (2min) 12 27-66 67% 1.09 1.10 0.35 2.86 N.R N.R. N.R (Huizinga et al., 1989)
Bone (total) 1.5 g (10min) 40 47-83 38% 0.99 1.59 0.71 1.77 N. N.R. N.R (Gergs et al., 2020)
Skeletal muscle (total) 3 g (15min) 25 59-95 96% N.R. N.R. 0.82 1.23 N.R. N.R. N.R. (Kaukonen et al., 1995)
Adipose (ulSF) 1.5 g (10 min) 10 45-67 70% 1.17 1.27 0.83 1.87 1.23 0.80 0.61 (Hanberg et al., 2021)
Bone (ulSF) 1.5 g (15 min) 9 58-76 0% 1.25 1.49 0.97 2.68 1.14 1.09 0.97 (Tottrup et al., 2019)
Skeletal muscle (uISF) 1.5 g (10 min) 10 45-67 70% 0.87 1.23 0.36 3.08 0.98 0.56 0.56 (Schwameis et al., 2017)
Ceftazidime
Adipose (total) 2 g (5min) 7 18-65° 50%° 1.64 1.64 1.05 1.57 N.R. N.R. N.R. (Loebis, 1986)
Bone (total) 2 g (1min®) 14 38-79 50%° 1.03 1.18 0.46 2.18 N.R. N.R. N.R. (Wittmann et al., 1981)
Skeletal muscle (total) 2 g (5min) 9 18-65° 50%° 1.20 1.20 0.40 2.52 N.R. N.R. N.R. (Loebis, 1986)
Meropenem
Bone (total) 0.5g (30 min) 15 29-75 47% 243 243 1.27 1.80 N.R. N.R. N.R. (Sano et al., 1993)
Cardiac muscle (total) 19 (7.5min) 25 47-75 72% 0.71 1.58 1.16 1.44 N.R. N.R. N.R. (Newsom et al., 1995)
Adipose (ulSF) 1.9 (30 min) 15 31-64 87% 1.02 1.39 2.32 2.63 N.R. N.R. 3.23 (Busse et al., 2021 c)
Adipose (ulSF) 1 g (30min) 15 30-70 13% 1.36 1.46 2.88 2.88 1.07 2.12 2.04 (Simon et al., 2020)
Skeletal muscle (UISF) 1 g (20 min)° 7 30-75 0% 0.88 1.26 2.09 2.27 1.08 2.29 1.63 (Tomaselli et al., 2004)

% : parameter not disclosed in study report

®: fifth dose of a 8-hourly regimen

Abbreviations: AAFE: absolute average fold error, AFE: average fold error, FE: fold error , IV: intravenous, N: number of study subjects, simulations were done with N*10 virtual subjects, N.R.: not
reported, ulSF: unbound concentration in interstitial fluid
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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