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Abstract

Aims: We propose using glomerular filtration rate (GFR) as the physiological basis for
distinguishing components of renal clearance.

Methods: Gentamicin, amikacin and vancomycin are thought to be predominantly
excreted by the kidneys. A mixed-effects joint model of the pharmacokinetics of
these drugs was developed, with a wide dispersion of weight, age and serum creati-
nine. A dataset created from 18 sources resulted in 27,338 drug concentrations from
9,901 patients. Body size and composition, maturation and renal function were used
to describe differences in drug clearance and volume of distribution.

Results: This study demonstrates that GFR is a predictor of two distinct components
of renal elimination clearance: (1) GFR clearance associated with normal GFR and
(2) non-GFR clearance not associated with normal GFR. All three drugs had GFR
clearance estimated as a drug-specific percentage of normal GFR (gentamicin 39%,
amikacin 90% and vancomycin 57%). The total clearance (sum of GFR and non-GFR
clearance), standardized to 70 kg total body mass, 176 cm, male, renal function
1, was 5.58 L/h (95% confidence interval [CI] 5.50-5.69) (gentamicin), 7.77 L/h (95%
Cl 7.26-8.19) (amikacin) and 4.70 L/h (95% Cl 4.61-4.80) (vancomycin).

Conclusions: GFR provides a physiological basis for renal drug elimination. It has
been used to distinguish two elimination components. This physiological approach
has been applied to describe clearance and volume of distribution from premature
neonates to elderly adults with a wide dispersion of size, body composition and renal
function. Dose individualization has been implemented using target concentration

intervention.
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1 | INTRODUCTION

The antibiotics gentamicin, amikacin and vancomycin are used
extensively across the human age range, and renal clearance is
thought to be the main process of elimination. There have been
few attempts to describe the similarities and differences in the phar-
macokinetic behaviour of these antibiotics across the full spectrum
of clinical size, age and kidney function. Previous studies of renally
eliminated antibiotics have focused on describing the maturation of
glomerular filtration from neonates to adults.? We have extended
this approach, using some of those same data, to examine elimina-
tion linked to glomerular filtration rate (GFR) as well as elimination
not directly linked to GFR. A comprehensive consideration of the
role of body size and composition in describing predictable differ-
ences in elimination and distribution clearances, and central and
peripheral apparent volumes of distribution has been applied to all
three antibiotics.

We have developed a pooled dataset including doses, concentra-
tions and demographics collected in patients who were treated with
gentamicin, amikacin or vancomycin (the GAVamycin dataset). The
GAVamycin dataset has been used to develop a joint pharmacokinetic
model for the three antibiotics with a focus on defining the link
between normal GFR (nGFR)® and clearance, and the role of body size
and composition as predictors of differences in pharmacokinetic

parameters.?

2 | METHODS

2.1 | Bodysize

Normal fat mass (NFM)* is an extension of the concept of
predicted normal weight® used to incorporate a measure of body
composition into body size. It is derived from total body mass
(TBM), fat free mass (FFM) and theory based allometric concepts.®
NFM is calculated from FFM and TBM with an additional parame-
ter, Frt, Which is estimated for each relevant drug parameter and
accounts for the contribution of fat mass (TBM — FFM)
(Equation 1).

NFM = FFM + gyt x (TBM — FFM) (1)

Feat converts fat mass to its allometric equivalent in terms of
FFM. A standard value for NFM (NFM,4) may be calculated based on
an adult male with a TBM of 70 kg, an FFM of 56.1 kg, a height of
176 cm and a drug and pharmacokinetic parameter specific estimate

of Fe,: (Equation 2).

What is already known about this subject

o The pharmacokinetics of gentamicin, amikacin and vanco-
mycin have been described in cohorts of different ages.

e These antibiotics are thought to be almost entirely elimi-
nated by renal excretion.

What this study adds

e Renal clearance has two components distinguished by
GFR and renal function.

e Description of maturation of central and peripheral vol-
umes of distribution.

e Consistent foundation for standardizing PK parameters

and individual dose prediction in the clinical setting.

NFMgyq = 56.1+ eyt x (70— 56.1) (2)

A size factor, F,e, can be obtained from NFM, NFM 4 and a
theory-based allometric exponent WBE (Equation 3). WBE is obtained
from the West, Brown and Enquist theory, which predicts an allome-
tric exponent of 1 for structural properties (eg, V) and 34 for functional
properties (eg, CL).” NFM allows for body composition to be included

in the meaning of allometric size.

NFM | WEE
Fsize S ENT VN (3)
NFMgiq

22 | FFM

The method developed by O'Hanlon et al.® based on data in neonates,
infants and children, was used to predict faFFM across all age groups
with the aid of an adult model for predicting FFM.?

23 | nGFR

nGFR is the glomerular filtration rate (GFR) predicted in an individual
without kidney disease (Equation 4).

NGFR = GFRgtg X Fsize X FmatPMma X Fmatpna (4)

GFRgq is the standard GFR for a 70-kg TBM male with a height
of 176 cm, originally reported in Rhodin et al,® and updated with new
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models for FFM and maturation leading to a standard GFR estimate
of 6.96 L/h.8 F.ye is a factor for size using NFM,* Frmat,pma is @ factor
for maturation based on post-menstrual age (PMA) and F.cpna is @
factor for maturation based on post-natal age (PNA), which describes
a post-natal transition component of maturation. Fa:pma is defined
in terms of TMsq, the maturation half time, ie the PMA at 50% of the
fully mature adult value of 1, and Hill, a parameter that describes the

steepness of the maturation curve (Equation 5).

1

Fratpma =—————
1+ (PMA)
T™so

Fmatpna is defined in terms of PNA .., the fractional increase rel-
ative to the end of the post-natal transition associated maturation,
PNATs5o, the half time required to achieve 50% of this post-natal
change, and PNAD, PNA in days (Equation 6).

—In(2)xPNAD
Fmat,PNA =1-— PNAmax + PNAmax X (1 —e PNAT5 ) (6)

Fmatpma and Frmaepna approach an asymptote of 1 signifying com-
pletion of these maturational processes.

24 | Estimated GFR

GFR is hard to measure directly on a routine basis, therefore much
effort has been put into developing methods for estimating GFR using
endogenous solutes such as serum creatinine (Scr).2° By multiplying
paired measurements of GFR and Scr, and assuming steady state, it is
possible to calculate GFR-linked values of creatinine production rate
(CPR). We call this CPRger to emphasize that CPR was obtained from
GFR and not from creatinine clearance (CLcr)

CPRGFR =GFR x Scr (7)

Before adulthood is reached (PNA < =20 years), a method for
predicting CPRgrr has been described.® CPRgrr can be predicted in
adults using a method based on the estimated renal component of
aminoglycoside clearance.!* The estimated GFR (eGFR) can then be

predicted using CPRgrr and Scr (Equation 8).

_ CPRgrr

eGFR Ser

(8)

A method that does not assume Scr is at steady state was used to
calculate eGFR when more than one Scr measurement was available
in an individual.? To evaluate this method of estimation of GFR we
tried substituting eGFR with the values estimated by the CKD-EPI
method.'2

25 | Scr

Assays for Scr quantitation can have poor analytical specificity, for
example the Jaffe colorimetric method.*>* Plasma proteins, immuno-
globulins and other drugs (eg, cephalosporins) are known to interfere
with the Jaffe assay.'® Enzymatic methods used for Scr quantitation
are more accurate, have greater specificity and are less affected by
interfering substances.'*¢ The Jaffe method for Scr determination is
still widely used, which can be challenging when CPR is based on a
more specific method. A conversion factor of 0.748 was used to con-
vert Jaffe Scr measurements to the more specific enzymatic
equivalent.®

Scr is not reliable as a predictor of eGFR immediately after birth
because most Scr in a neonate is derived from the mother. An esti-
mate of creatinine half-life® can be used to predict how long it will
take for most of the maternally derived creatinine to be eliminated
from the neonate, for example after four neonatal creatinine half-
lives. After that, it becomes reasonable to use measured Scr in neo-
nates to estimate CLcr to obtain eGFR. When Scr was missing for this

reason, renal function (RF) was imputed to be 1.

2.6 | Prediction of RF

The functional efficiency of the kidney can be described by compari-
son of GFR in an individual with that expected in a similar individual in
the absence of kidney disease. A metric that we call RF® has been
developed to make this comparison generalisable. RF is calculated
from the ratio of eGFR to nGFR (Equation 9).

__eGFR

RF=GFR @

An individual without kidney disease and eGFR equal to nGFR
will have an RF value of 1 for all combinations of size, body composi-
tion and maturation. Typically, kidney disease will decrease RF but
values greater than 1 are expected with disease associated hyperfil-
tration, which has been described in septic states'” and a variety of
other disease conditions.*®

RF differs from the more general term “kidney function” by pro-
posing a quantitative measure of the efficiency of all functions of the
kidney that may be linked with renal solute elimination. RF is a quan-
tity independent of size, body composition, maturation and post-natal
transition effects when these factors are consistently accounted for in
both eGFR and nGFR, as described in O'Hanlon et al.® This can be
expressed as a continuous function to predict RF from premature

neonates to adults.

2.7 | The GAVamycin dataset

Pooled data were obtained from 18 source studies (Supporting

Information Table S1). Most of these sources have published

85UB017 SUOWIWOD dA 181D 3 [deot dde au Ag peusenob a.e sajoliie VO ‘SN JO 3| 10y Afeld18UIIUO AB|IA UO (SUORIPUOD-PUR-SLLIBI WD A8 | 1M Afed1|Bul UO//SdNY) SUONIPUOD Pue SWie | 8u18es *[202/y0/s0] uo AkeidiTauliuo AB|1Mm ‘apApytens JO AiseAIuN Ag 8265T doq/TTTT 0T/I0p/W00 A3 1M Aleiq 1 puljuo sqndsdd//:sdny wouy papeojumoq v ‘202 'SgTZS9sT



HOLFORD ET AL = BRITISH 1069
» ‘ﬂi‘" ESCAIREh{!eCOLOGICAL
& SeH

pharmacokinetic  analyses of individual drugs (Supporting CLGFRgrp =RF x FGFR x nGFR (11)

Information Table S3). Some of the data in the GAVamycin dataset
were also used in a separate pooled analysis of vancomycin pharma-
cokinetics®® (Supporting Information Table S4). The number of
patients (Supporting Information Table S2) is based on those remain-
ing after data plausibility and imputation criteria had been applied.

If height was missing, body surface area was predicted from the
TBM? then height imputed from the body surface area and TBM.
Patients without at least one SCr measurement were removed from
the data. The RF value and ratio of FFM/TBM were used to identify
plausible values because each of these quantities depends on several
observed covariates. RF values greater than 2.5 were deemed physio-
logically implausible because they would necessitate an eGFR that
was more than 2.5 times the nGFR. The selection of 2.5 itself incorpo-
rates high RF values that have not been observed in more meticu-
lously monitored scenarios and, in our judgement, are at the limit of
plausibility. A value of FFM/TBM greater than 0.95 was considered
implausible and in that case a plausible value for FFM was imputed
from TBM as follows: 0.8 x TBM when age was <20 years,
0.72 x TBM for adult females, 0.78 x TBM for adult males. Young
patients (preterm and term) aged less than 197 post-natal days with
TBM outside the 3rd and 97th percentiles for normal growth were
thought to be implausible.?* All patients with either implausible RF or
TBM values were removed from the GAVamycin dataset used for
analysis.

2.8 | Pharmacokinetic analysis

Drug input was described using a bolus or zero-order input. Infusion
rate was calculated from amount and infusion duration. Missing infu-
sion durations were estimated. Drug disposition was described using a
two-compartment distribution model and first-order elimination. Elim-
ination clearance (CL) was partitioned into a component, CLGFR, pre-
dicted as a fraction of nGFR, and a component not predictable from
GFR (CLNGFR). This is an extension of using ClLcr to distinguish a
component of CL predictable from CLcr from CL not predictable from
CLcr.!! The use of CLer in Matthews et al'! assumed a linear relation-
ship between CLcr and CL to estimate that about 76% of CL is pre-
dictable from CLcr. We have explored this linearity assumption using
nGFR and RF applied to CLGFR and CLNGFR.

Equation 10 shows that Clg,,, the total elimination CL, is made
up of CLGFRg,, the GFR predictable component of Clg, and
CLNGFRg,, the non-GFR predictable component of Clg,. The sub-
script “grp” is used to indicate that the parameter represents a group
of people who share the same combination of covariates predicting

the parameter.

Clgrp = CLGFRgp + CLNGFRgyp (10)

The fraction of nGFR that best predicted CLGFR was estimated
as a drug-specific value, FGFR (Equation 11).

We initially used a linear function of RF to describe how CLGFR
changes with RF (Equation 11) but quickly found that a nonlinear
function of RF provided a better prediction (Equation 12).

FGFR x nGFR
) if (RF < CLGFRRs0) then (-Hill 1) else (-Hillgg )

CLGFRgyp = (12)

RE
1+ (CLC-;FRRFSO

An asymmetrical sigmoid function was used to describe the rela-
tionship between RF and CLGFR using drug-specific parameters,
CLGFRggsg, Hill.t and Hillgge. The sigmoidicity parameter in
Equation (12) has a different value depending on whether RF is less
than (Hill_1) or greater than or equal (Hillgg) to CLGFRggs0.

The second component of clearance CLNGFR that is not linked to
GFR is estimated as CLNGFRg;, (Equation 13).

CLNGFRgrp = CLNGFRyp X RF x FiizeNGFR x FroatpnaNGFR
X Frnat PNANGFR % Fyent X Fnsaip (13)

CLNGFRp, is a drug-specific population parameter estimate for
CLNGFR that is directly proportional to RF. Additional factors include
allometric scaling for size (Fg,eNGFR, using NFM, and maturation,
FmatpmaNGFR, with post-natal transition, Fy.cpnaNGFR), as described
in Equations (4)-(6).

Fvent and FNSAID are factors to estimate the impact of positive
pressure ventilation and concomitant administration of non-steroidal
anti-inflammatory drugs (NSAIDs), ibuprofen or indomethacin, which
may affect a component of clearance.

The volume of distribution may be increased in neonates relative
to TBM scaled values in adults.?? The drug-specific fractional increase
associated with post-natal transition, Fneovordrug, and the half-life of an
exponential loss of physiological neonatal excess volume, POPT2,co-
vol» Were estimated. The effect of FMATV  covoidrug Was applied to
both central (V) and peripheral (VP) volumes of distribution
(Equation 14).

In(2
I:IvlATVneovoI,drug =1 + Fneovol,drug X exp <_# X PNA)
neovol

Vgrp,drug = POPV,drug X FMATVneovoI,drug
VPgrp,drug = POPVP,drug X FMATVneovol,drug

29 | Computation

Data were analysed using NONMEM (ICON Development Solutions)
version 7.5.1. Population parameter estimates were obtained using
NONMEM's first-order conditional estimation method with the inter-
action and Laplacian options. The convergence criterion (NSIG) was
3 with tolerance SIGLEVEL = 9. Model selection was based on the
minimum objective function value (OFV), calculated by NONMEM
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from -2log-likelihood. A P value was calculated assuming a chi-square
distribution with degrees of freedom determined by the number of
additional parameters in the more complex model. A P value <.001
was used to aid model selection. Model evaluation was based on pre-
diction corrected visual predictive checks (VPCs), parameter plausibil-
ity and parameter uncertainty. VPCs were used to compare the 5th,
50th and 95th percentiles of the observed and model predicted
values.?® The 95% confidence intervals were estimated from the repli-
cates of each of the prediction percentiles. VPCs were performed
using Wings for NONMEM 751 (WFN; http://wfn.sourceforge.net/)
and R version 4.2.0. Parameter uncertainty was evaluated using an
estimate of the relative standard error obtained from non-parametric
bootstrapping.2* Non-parametric bootstraps were performed using
WEFN and NONMEM. A total of 250 bootstrap replicates were used
to describe the distribution of the parameter estimates and describe
the uncertainty of the estimate.

Parameter variability was described by a mixed-effects approach
with fixed and random effects. Fixed-effect variability was based on a
population standard parameter 6popsta With a function of covariates
such as TBM and RF to obtain the group parameter 6, (Equation 15).

eg,—p = epop,std X f(TBM, RF,) (15)

where Bg,, is the group parameter after accounting for fixed effects
due to covariates. Population parameter variability (PPV), between
subject variability (BSV) and between occasion variability (BOV) were
described using an exponential function of the random effect
(Equation 16). The random effect, n; describes variability assumed to
be normally distributed with mean O and variance w? Estimates of o
are shown as the square root of w? and may be described as the
apparent co-efficient of variation. 6; is the individual parameter after

accounting for random effects.

0 = Ogrp x €1 (16)

The residual unexplained variability (RUV) was described using a
combined proportional and additive error model (Equation 17).

TABLE 1

Model Description

Final: different BSV CLGFR for G, A, V

Same Fy,; for G, A and V

FFM using Al-Sallami 2015

Same BSV CLGFR for G, A, V

eGFR using CKDEPI2021

FGFR fixed to 1 for G, A, V

Linear eGFR + constant CLNGFR (Matthews equivalent)

0 N oL AWN e

equivalent)

Linear eGFR using CKDEPI + constant CLNGFR (Matthews

Yi=Ypredi X (1 +£cv) +&sp (17)

where Y; is the individual prediction of the observed value obtained
from Ypreqi the model prediction and with proportional random effect
ecy and additive random effect esp. The random effects have mean
zero and variance o?cy. Estimates of o are shown as the square root

of 02

210 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in http://www.guidetopharmacology.org, the com-
mon portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY, and are permanently archived in the Concise
Guide to PHARMACOLOGY 2019/20.2°

3 | RESULTS

The distribution by age group of primary covariates (PNA, TBM,
height, Scr) and the derived covariate, RF, in relation to age are shown
in Supporting Information Figures S1 to S5. Covariate counts include
repeated individual values at the time of each new Scr measurement.
Key model selection steps (Table 1) were based on the likelihood
ratio test using differences in NONMEM's OFV when comparing
each model to the final Model 1. Estimation of common F¢, values
for gentamicin, amikacin and vancomycin worsened the fit (Model 2).

126 instead of the

Using the FFM model proposed by Al-Sallami et a
FFM model that included premature neonates, neonates and infants®
made the fit worse (Model 3). Using the same BSV with gentamicin,
amikacin and vancomycin for CLGFR worsened the fit (Model 4).
Substituting eGFR for the value estimated by the CKD-EPI 2021
method*? had the same number of estimated parameters but the
OFV indicated the model fit was much worse (Model 5). Fixing FGFR
to 1 for gentamicin, amikacin and vancomycin made the fit much

worse. When eGFR was used instead of CLcr in the Matthews model

Major model component selection based on objective function value (OFV) compared with Model 1.

Obj dOFV Df P
8174291

81 765.01 221 6 .0012

81 951.69 208.8 7 .0000

81 988.78 2459 2 .0000

82 395.87 653.0 0 Different
83 433.59 1690.7 3

83 818.34 2075.4 9 .0000

84 186.17 24433 9 .0000

Note: A= amikacin; CKDEPI = CKD-EPI eGFR without race'?; CLGFR = GFR clearance; CLNGFR = non-GFR clearance; Different = dOFV importantly
different (chi-square not used because df the same as final model); df = degrees of freedom (number of parameters less than final model); dOFV = change
in OFV from the final model; eGFR = estimated GFR (Equation 8); G = gentamicin; P = chi-square (dOFV,df); V = vancomycin.
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linking CLcr to aminoglycoside clearancel! the fit was significantly
worse (Model 7). Using the CKD-EPI 2021 method for eGFR had an
even worse fit (Model 8).

The parameter estimates from the GAVamycin data based on the
final model are shown in Table 2. Wherever appropriate, parameters
values are expressed as a standard value, identified by the “std” suffix.
They are based on a 70 kg TBM, 176 cm adult male with RF equal to
1 and GFR of 6.96 L/h.8%’

The bootstrap 95% confidence intervals are generally quite nar-
row, as summarized in the relative standard error (RSE%). Based on
these confidence intervals (Table 2), all parameters scaled using NFM
with theory-based allometry had Fg,;: estimates different from either
1 or O, except for amikacin intercompartmental clearance
(Q_FFAT_AMIK). The Q_FFAT_AMIK estimate included O, indicating it
could be described by FFM.

The asymmetrical sigmoid function linking RF to the fraction of
clearance explained by GFR showed a steep relationship (exponent >1)
both below and above the midpoint CLGFR_RF50 (Figure 1). The linear
function of RF linked to non-GFR clearance is shown in Figure 2.

The total clearance of each drug, obtained from the sum of GFR
clearance and non-GFR clearance, is shown in Figure 3. GFR clearance
accounted for 42% of gentamicin, 59% of amikacin and 64% of vanco-
mycin total clearance.

The separate maturation and post-natal transition components
for predicted nGFR are shown in Supporting Information Figure S6
and for non-GFR associated clearance (CLNGFR) in Supporting Infor-
mation Figure S7. The combined components are shown in Supporting
Information Figure S8. The maturation and post-natal transition
changes of CLGFR were determined by nGFR. At birth CLGFR is 27%
of the size-scaled adult value at birth, with post-natal transition 95%
completed by 25 days PNA (Table 2) with subsequent maturation
described by PMA. The large fraction (0.962) of maturation associated
with post-natal transition (CLNGFR_PNAmax) means CLNGFR is less
than 1% of the size-scaled adult value at birth but post-natal transition
is rapid and 95% complete by 12 days PNA (Table 2), with subsequent
maturation described by PMA.

The combined maturation and post-natal transition time course
of GFR clearance, non-GFR clearance and total clearance are shown
in Supporting Information Figure S9 (CLGFR), Supporting Information
Figure S10 (CLNGFR) and Supporting Information Figure S11 (CLGFR
+ CLNGFR).

Administration of inotropes was associated with an increase in
the total volume of distribution. There was no detectable effect of
mechanical ventilation on total clearance. The use of NSAIDs is sum-
marized by type and PMA in Supporting Information Figure S21. The
fit was improved more by putting the effect of NSAIDs on non-GFR
clearance than on GFR clearance. Treatment of patent ductus arterio-
sus with ibuprofen decreased CLNGFR. The indomethacin treatment
effect bootstrap confidence interval included 1 and thus did not sup-
port a detectable effect of indomethacin on CLNGFR.

We report maturation of volumes of distribution with a drug-
specific initial fractional increase in addition to size-scaled adult

values. The subsequent volume decrease towards adult values was

described by an exponential process with central and peripheral vol-
ume half-lives (Supporting Information Figure S12 and Table 2). The
maturation of volume falls exponentially to just 5% above adult values
by 3.17 years (central volume) and 2.94 years (peripheral volume).

The BOV for total clearance and for central volume was small
relative to BSV.

A combined proportional and additive model described residual
error of concentration predictions. The studies which contributed to
the source datasets varied widely in duration of individual patient
intensity of sampling and duration of follow up. These design factors
were associated with variability in residual error of each concentra-
tion. The source of each contribution to the total GAVamycin dataset
was used as an explanatory covariate to account for the relative mag-
nitude of residual error variability.

VPCs as a function of days after the start of dosing (Figure 4),
TBM all data (Figure 5), TBM less than or equal to 5 kg (Supporting
Information Figure S13), PMA (Figure 6), RF (Figure 7) and
PNA (Supporting Information Figure S14) show that median concen-
trations are well predicted and support the covariate models used
to describe fixed-effect sources of variability. VPCs for each drug as
a function of time and RF are shown in Supporting Information
Figures S15 to S20.

The scatter distribution of concentration observations according
to different covariates is quite dense, except as shown in Supporting
Information Figure S5, where the RF values approaching the upper
cut-off of 2.5 become quite sparse. This may be considered an a pos-
teriori justification for the 2.5 cut-off and helps explain the overlap of
the percentiles, unlike other VPCs with clearly separated percentiles.
All the VPCs show that upper 95% percentiles of observed concentra-
tions are commonly higher than the predicted 95% percentile. This
indicates there may be factors associated with a small number of high
concentration measurements, for example due to sampling from veins

used for drug administration.

4 | DISCUSSION

Renal drug elimination, like hepatic drug elimination,?® is necessarily
limited by organ blood flow but the limiting role of GFR for renal drug
elimination has not been widely recognized. We describe a model for
renal drug clearance with a component limited by GFR and a second
component not directly linked to GFR based on readily available
demographic and pharmacokinetic data.

Gentamicin, amikacin and vancomycin are widely believed to be
extensively, if not completely, eliminated from the body by the renal
route. We have investigated pharmacokinetic models assuming that
the underlying processes described by the models are the same for all
these drugs and differences between them would be revealed in the
parameters defining the processes.

Our joint analysis of gentamicin, amikacin and vancomycin data
across a wide dispersion of body size, age and RF has been able to
describe drug concentrations as a function of dose, time, TBM, PNA,

PMA, nGFR and RF. This description used commonly applied models
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FIGURE 1 Renal function and glomerular filtration rate (GFR)

associated clearance (CLGFR). Gent, gentamicin; Amik, amikacin;
Vanc, vancomycin.

10

CLNGFR L/h std

0 0.5 1 1.5 2 2.5
Renal function

—Gent  ----- Amik — —Vanc

FIGURE 2 Renal function and non-glomerular filtration rate (GFR)
associated clearance (CLNGFR) (amikacin and gentamicin lines are
overlapping). Gent, gentamicin; Amik, amikacin; Vanc, vancomycin.

to describe drug distribution (central and peripheral volumes and
intercompartment clearance) but describing drug elimination was
more complex.

Drugs that are renally eliminated are commonly described by
empirical linear or power functions linking Scr or estimated creatinine
clearance to elimination CL, for example gentamicin,29 amikacin®® and
vancomycin.'? Matthews et al described the clearance of aminoglyco-
sides with a component that was a linear function of estimated creati-
nine clearance and a seemingly independent component.!! This was
the starting point for the two-component clearance model described
here. We have used GFR as a physiological variable to distinguish
between two components of clearance: a component linked to GFR
and a component not linked to GFR. It may be noted that the seem-
ingly complex distinction between GFR and non-GFR clearance using
a function of RF to describe total clearance is analogous to using satu-
rable and non-saturable binding as a function of unbound concentra-
tion to describe total plasma protein binding. The maximum binding
capacity is analogous to nGFR and non-specific binding is analogous
to CLNGFR.

- BRITISH 1075
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.
K>

CLtot L/h std

0 0.5 1 1.5 2 2.5
Renal function

—Gent ----- Amik — —Vanc

FIGURE 3 Renal function and total clearance (CLGFR
+ CLNGFR). CLtot, total clearance; Gent, gentamicin; Amik, amikacin;
Vanc, vancomycin.

GFR clearance is linked directly to the predicted GFR for an indi-
vidual using nGFR. nGFR provides a reference value for this clearance
component in an individual to describe elimination occurring by glo-
merular filtration without re-absorption or tubular secretion. The indi-
vidual upper limit on GFR clearance enforced by nGFR when RF = 1
required an asymptote (Figure 1) described by an asymmetrical sig-
moid function of RF (Equation 12).

The drug-specific fraction of GFR (FGFR, Equation 11) was esti-
mated to be less than 1 for all three drugs (Tables 1 and 2). This may
be explained by plasma protein binding. Glomerular filtrate is assumed
to contain only unbound drug, thus clearance will be unbound clear-
ance. Clearance estimated from total (bound + unbound) concentra-
tion will be less than unbound clearance so FGFR will be less than 1.

Non-GFR clearance (CLNGFR) accounts for elimination not
described by GFR clearance. Relative to total clearance, CLNGFR is
34% for gentamicin, 33% for amikacin and 55% for vancomycin. The
inclusion of RF as a directly proportional predictor of non-GFR clear-
ance provided a major improvement in fit (Table 1 and Figure 2). It is
therefore likely that CLNGFR is describing renal excretion that is not
explained simply by CLGFR but the renal elimination process associ-
ated with the non-GFR clearance component is not clear. It should
also be noted that the developmental biology of CLNGFR is different
from CLGFR, with very little contribution to total clearance at birth
(1% compared with 27%) but more rapid completion of post-natal
transition (95% at 12 days compared with 25 days) (Supporting Infor-
mation Figure S9).

If CLer is actually greater than GFR, for example by 10%,3! then
the method described in O'Hanlon et al® to estimate CPRgrr will
underestimate total CPR, for example by a factor of 100/110, because
the CPRgrr estimating equation is derived from GFR not CLcr. When
calculating RF, care should be taken to avoid the use of equations
developed to estimate CLcr, for example Cockcroft and Gault,®? and
preference given to equations developed to estimate GFR, for exam-
ple O'Hanlon et al and Delanaye et al.®° We note that the CKD-EPI
2021 eGFR method is not a suitable method for estimating GFR
across the wide range of body size, age and kidney function that we
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FIGURE 4 Prediction corrected [pc] visual predictive check (VPC) for all concentrations of gentamicin, amikacin and vancomycin as a function
of days after the start of dosing (log scale). The 5%, median and 95% percentiles of the distribution of the observations (red lines) and predictions
(black lines) compare the distributions. The open circles and dashed lines in the left-side plot link observations in the same individual. The 95%
confidence intervals for the prediction percentiles are shown by the purple-shaded areas in the right-side plot. The yellow lines on the x axis show
the data bins used in the construction of the VPC.
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studied, as demonstrated by a much worse goodness of fit (Table 1). Gentamicin, amikacin and vancomycin have different patterns of
This may be explained by the limited number of covariates (Scr, age tubular re-absorption, with gentamicin having the highest fraction
and sex) included in this empirical model for GFR.*2 of net re-absorption (21%), followed by amikacin (17%)°%%* and
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vancomycin having minimal tubular re-absorption.®®> Golper et al*®

reported vancomycin renal clearance as 80% of creatinine clearance
whereas our estimate indicates that CLGFR accounted for 64% of
total clearance of vancomycin. We have confirmed the observation of
GFR clearance being less than nGFR for gentamicin, amikacin and van-
comycin using FGFR. While non-GFR clearance might be construed as
indicative of renal tubular secretion, existing evidence suggests that
tubular secretion for gentamicin and amikacin is negligible.>* Golper
et al®® found no evidence for net tubular secretion of vancomycin
because unbound vancomycin renal clearance was essentially the
same as inulin clearance. Published physiologically based pharmacoki-
netic (PBPK) models have often relied on assumptions, attributing
non-GFR clearance to biliary excretion independent of RF,%” omitting
mention of the role of GFR® or neglecting to account for increased
clearance associated with high RF.3? It is anticipated that PBPK
models would yield more accurate predictions if grounded on the
clearance components we have identified rather than relying on
assumptions.

The relationship between each clearance component, separately
and combined as a function of key covariates, reveals the distinctly
different patterns of predictable variation (Figures 1 to 3). Despite the
difficulties in assigning a specific mechanism to GFR clearance and
non-GFR clearance, the combination of these two components with
component-specific covariate effects (NFM, PNA, PMA and RF) ade-
quately describes the time course of observed concentrations as
shown in the VPCs (Figures 4 to 7 and Supporting Information
Figures S14 to S20). In Figure 7, when RF values are above 1.6 there
are relatively few patients with a large degree of variability in associ-
ated concentrations. Nevertheless, the predicted percentiles agree
well with the observed percentiles and support the use of RF even at
these high values.

Using a model for FFM applicable across the full range of size and
age, we have been able to use the concept of NFM to describe all the
key PK parameters, including both components of clearance. This
should help describe the PK parameters in patients who may be thin
or obese. The F¢,; parameters appear to be independent of matura-
tion. Attempts to identify maturation changes of F;, associated with
PMA did not improve the fit.
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An increase in the central volume of distribution in neonates and
infants has been described previously and was thought to be due to
increased total body water.22 We describe an increase in central and
peripheral volumes of distribution followed by maturation to approach
adult values (Supporting Information Figure S12). We do not have an
obvious explanation for the differences between the three drugs in
the magnitude of the increase estimated at birth. It could be due to
differences in blood sampling time, which would affect the estimation
of central volume. The maturation of volume falls to just 5% above
adult values by 3.18 years (central volume) and 2.94 years (peripheral
volume). The time course was initially slower than that described for
both total body water and extracellular fluid but agreed overall with
previous observations.*® Body fat content increases from 12% at
40 weeks PMA to 30% at 75 weeks PMA.%! This may also affect the
time course of central and peripheral volume changes. The maturation
half-lives of central and peripheral volumes (38.0 and 35.3 weeks)
were similar to the GFR maturation half-life of 33.7 weeks® that
determines the maturation of GFR clearance but shorter than the
non-GFR clearance maturation half-life of 57.2 weeks. Thus our
description may reflect not only loss of total body water but also
developmental changes in body structure that are not captured by
changes in body size and composition.

This study describes the differences in the PK of gentamicin,
amikacin and vancomycin from premature neonates to adults using
data from a large number of patients from different locations and dif-
ferent underlying medical conditions (Supporting Information
Table S1). A previous study (data from sources 15 and 16 in this
pooled analysis)*? reported differences in the PK of gentamicin
between oncology and non-oncology paediatric patients by including
NFM as a body size descriptor. NFM was applied*? to describe the
differences in the percentage of body fat between paediatric oncol-
ogy (30.4%) and non-oncology (14.9%). An updated FFM method has
been developed including data from neonates.® Utilizing this
improved FFM predictor, which is applicable across the entire spec-
trum of size and age,® enables a more comprehensive description of
FFM and facilitates the elucidation of variations in body composition
across all ages, including alterations attributed to underlying cancer.

We therefore believe that the model presented here implicitly
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Visual predictive check as a function of renal function (log scale). See Figure 4 legend for other details.
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considers the impact of the patient's underlying medical condition by
considering patient kidney function, body size and body composition
to describe individual differences in PK. It has been implemented for
gentamicin, amikacin and vancomycin in NextDose, a freely available
web-based tool.*®

There was a high proportion of paediatric patients in the dataset,
which facilitated examination of the influence of maturation. How-
ever, the relative paucity of data from elderly patients and from adult
patients with renal impairment may have limited the ability to fully
characterize the relationship between renal impairment and clearance
in older patients.

With these three insights (GFR defined clearance components,
NFM, and understanding the magnitude and time course of the devel-
opment of volume of distribution) we expect the model to improve
the ability to predict individual dosing both for initiation and monitor-

ing of treatment using a target concentration intervention approach.**
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