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Objectives: Bacterial viability and enrichment of resistance resulting from three different amikacin
administration schedules with respect to haemodialysis (HD) were assessed against three OXA-48-
producing Klebsiella pneumoniae isolated during an outbreak in a Spanish hospital.
Methods: A previously described two-compartment dynamic system was used. Three possible amikacin
administration schedules were simulated: (i) haemodialysis immediately after amikacin infusion (pre-
HD); (ii) infusion immediately after haemodialysis (post-HD); and (iii) infusion at 50% interdialytic
period. Amikacin standard dose (SD) and double dose (DD) were simulated for each schedule. Values
Of Ciax/MIC, Cpax/MPC (mutant prevention concentration), AUCq_4gn/MIC, AUCq_4gn/MPC and %Tysw
(percentage of time that the concentration was inside the mutant selection window) were determined
with experimental data and were correlated with the area under the bacterial killing curve of the total
population and the resistant subpopulation.
Results: Both with SD and DD, the pre-HD schedule resulted in increases at 48 h in bacterial counts of the
total population at the expense of enrichment of pre-existing resistant subpopulations from 12h
onwards for all strains. The estimated %Tysw that prevented enrichment of resistant mutants was <61.5%.
The AUCq 451/MPC (with values of =240 being associated with countering of increases in resistant
subpopulations) was better than the %Tysw as a predictive parameter.
Conclusion: This study showed that the longest times concentrations were above the MPC (i.e. highest
AUCq_45n/MPC, lowest %Tusw), the lowest enrichment of resistant subpopulations. This implies use of the
highest possible amikacin dose (limited by toxicity) and post-HD as the best administration schedule.
© 2019 Published by Elsevier Ltd on behalf of International Society for Antimicrobial Chemotherapy.
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1. Introduction

Between April 2010 and December 2011, a hospital-wide
outbreak caused by OXA-48-producing Klebsiella pneumoniae
(OXA48KP) occurred in Hospital Universitario La Paz (Madrid,
Spain) [1]. The most frequent sequence type (ST) was ST405,
followed by ST11 and ST15 [1]. OXA48KP belonging to ST405
carried different resistance genes [2], clustered in two different

2213-7165/© 2019 Published by Elsevier Ltd on behalf of International Society for Antimicrobial Chemotherapy.
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plasmids [3], favouring intra-/inter-patient diffusion and clonal
dissemination [4]. Klebsiella pneumoniae ST405 is increasingly
present in Spain [5], together with ST15 [6] and ST11 [7], the major
clone in Madrid [8].

Among the 62 infected patients (32.8% presenting septic shock/
severe sepsis), mortality was 43.5%, being 69.5% among patients with
bloodstream infection [1]. In an outbreak context, end-stage renal
disease and patients undergoing dialysis represent a high-risk
condition, which has been identified as an independent risk factor for
multidrug-resistant (MDR) Gram-negative nosocomial infection [9],
having a high impact on morbidity and mortality [10]. In the
occurring outbreak, amikacin was part of the antibiotic regimens
used, with dosing schedules targeted to achieve, against the
epidemic OXA48KP strains, previously described optimal pharma-
cokinetic/pharmacodynamic (PK/PD) values [11-14]. For patients
undergoing dialysis, amikacin was administered every 2 days after
haemodialysis, as classically [ 15,16], without PK/PD determinations.
No studies have investigated the possibility of increasing antibacte-
rial effects in patients undergoing dialysis by changing the antibiotic
administration time with respect to haemodialysis. In the current
situation of potential hospital outbreaks involving MDR enter-
obacteria in the short-term future, investigations aimed at obtaining
specific data for patients undergoing dialysis could represent a
practical way to prepare for critical scenarios.

The aim of this study was to assess, in an in vitro PK/PD
simulation, bacterial viability and enrichment of resistance
resulting from different amikacin administration schedules in
relation to conventional haemodialysis in patients with end-stage
renal failure, against three OXA48KP isolates from the outbreak.

2. Materials and methods
2.1. Strains

Three OXA48KP strains isolated from three patients undergoing
haemodialysis owing to severe chronic renal insufficiency were
used. Isolates were chosen based on their sequence type: two
isolates (strains 1 and 2) belonged to the main sequence type
causing the outbreak (ST405); and one isolate (strain 3) belonged
to ST11. Strains 1 and 2 carried blarem-1, blasyv-76, blacrx-m-1s.
blagxa-1, blaoxa-as, qnrB1, aac(6’)-Ib-cr and aacC3 genes [ 1-3]. Strain
3 carried blﬂs]—[v,]], blﬂACl'v biﬂm{,M,ls, blGOXA,], blﬂom,48, qﬂTB], aac
(6')-Ib-cr, aac(3')-1la, aadA2 and aph(3')-la [8]. Resistance to
aminopenicillins, piperacillin/tazobactam, second- and third-
generation cephalosporins, ertapenem, gentamicin, tobramycin
and quinolones following European Committee on Antimicrobial
Susceptibility Testing (EUCAST) breakpoints was reported for the
three strains. All three strains were susceptible to amikacin
[minimum inhibitory concentration (MIC)=4 pg/mL], tigecycline
and colistin, and strains 1 and 2 were resistant to fosfomycin,
imipenem and meropenem.

Before the study, amikacin MICs and minimum bactericidal
concentrations (MBCs) were determined five times in broth [17,18],
also using the high inocula used in the simulations. Mutant
prevention concentrations (MPCs) were determined [19]. Briefly,
strains were cultured overnight in cation-adjusted Mueller-Hinton
broth (CA-MHB) (Becton Dickinson & Co., Franklin Lakes, NJ, USA)
and the suspensions obtained were centrifuged (4000 x g, 10 min)
and were re-suspended to obtain bacterial loads of >5 x 10'° CFU/
mL. Plates with known amikacin concentrations (8-128 pg/mL)
were inoculated and were incubated at 37 °C for 48 h for colony
counting (limit of detection, 10 CFU/mL). The MPCs were estimated
by linear regression using at least the last three points of the log;q
CFU/mL of viable bacteria—amikacin concentration curves. The
MPC was defined as the point where the plot intercepted the lower
limit of detection (x for y=1 log;o CFU/mL).

2.2. Kinetic simulations

Three schedules of amikacin administration were simulated:
(i) amikacin administration followed by haemodialysis immedi-
ately after infusion (pre-HD); (ii) amikacin administration
immediately after haemodialysis (post-HD); and (iii) amikacin
administration at the 50% interval time between two haemodial-
ysis sessions (50% interdialytic period) (mid-HD).

Two doses of amikacin were simulated for the three adminis-
tration schedules: (i) the standard dose (SD) achieving a peak
concentration (Cpax) of >30 pg/mL (i.e. 33.6 pg/mL at the end of
the infusion) and a trough concentration (Cpin) of <5 pg/mL
(4.6 pg/mL); and (ii) a double dose (DD) achieving a target Ciax of
>60 pg/mL (67.2 wg/mL at the end of the infusion) and Cy,;, 0of <10
rg/mL (9.3 pg/mL). Target values of area under the concentration-
time curve from O to 48 h (AUCy_4g,) were 370.7 pg h/mL (pre-HD),
846.7 pg h/mL (mid-HD) and 1154.0 g h/mL (post-HD) for the SD,
and 741.3 pg h/mL (pre-HD), 1693.4 g h/mL (mid-HD) and 2308.0
pgh/mL (post-HD) for the DD.

PK parameters of amikacin and other aminoglycosides in
patients under standard haemodialysis are quite scarce and
old [20,21]. In addition, more recent studies in different
populations show a wide range of PK parameters [22-31].
Therefore, we selected those parameters [volume of distribution
(V4), clearance, half-life (t2)] within the range described in
the literature and providing the usually considered target Cpax
and Cnin [30]. So, a monocompartmental model was assumed
with a V4 equal to 0.25L/kg and a constant of elimination (Ke)
equal to 0.01386h™" (t;;2=50h) during the interdialytic period
and equal to 0.3465h™! (t12=2h) during haemodialysis. DD
target concentrations were calculated using the same kinetic
parameters as for SD. The considered duration of haemodialysis
was 4 h.

2.3. In vitro kinetic system (Fig. 1)

A previously described two-compartment dynamic system
exposing bacteria to changing study drug concentrations and
avoiding dilution of the bacterial inoculum together with the
drug was used [31,32]. The central compartment consisted of a
spinner flask, the lumina of the capillaries within the dialyser
(FX50 class; Fresenius Medical Care S.A., Madrid, Spain) and the
tubing in between. The infection site was represented by
the extracapillary space of the dialyser unit combined with
the intradialyser circulating tubing. The high surface-area-to-
volume ratio of the dialysis unit (>200cm?/mL) yielded rapid
equilibration of the amikacin concentration between the two
compartments. Before each experiment, the central compart-
ment was filled with CA-MHB. Amikacin was injected into the
central compartment using a computer-controlled syringe pump
over a 0.5-h infusion. Decay of amikacin concentration in the
central compartment was achieved by a continuous dilution-
elimination process using computerised peristaltic pumps
(MasterFlex™; Thermo Fisher Scientific, Waltham, MA, USA)
set to a rate of 2.6 mL/min and 0.1 mL/min to simulate the
elimination half-lives in human serum during dialytic and
interdialytic periods, respectively. Flow rates were controlled
and exchanged in peristaltic pumps using the MasterFlex
Linkable Instrument Control Software (WinLin v.2; Thermo
Fisher Scientific). Control drug-free simulations were performed
using a fixed rate in peristaltic pumps of 0.1 mL/min. Additional
pumps circulated the antimicrobial medium mixture at 50 mL/
min between the central and peripheral compartments and at 20
mL/min within the extracapillary space through the external
tubing. Both compartments were maintained at 37 °C during the
simulation process.
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1. Central compartment (spinner flask, tubing and lumen of capillary), 2. Fresh broth reservoir, 3. Elimination, 4.
Peristaltic pumps, 5. Syringe pump, 6. Infection compartment (Extracapillary space), 7. Inoculation port, 8. Sample port, 9.

Temperature probe, 10. Incubator.

Fig. 1. Diagram of the in vitro computerised device.

2.4. Pharmacokinetic analysis

Aliquots (0.5 mL) were taken from the peripheral compartment
ato,2,4,6, 8,10, 24, 26, 28, 30, 32, 34 and 48 h and were stored at
—80°C until use. Concentrations were determined by bioassay [33]
using Antibiotic medium 1 (Becton Dickinson & Co.) and K
pneumoniae ATCC 13883 as indicator organism. Standards and
dilutions were prepared in the same broth employed in the PK
simulation and were added to wells in the plates with an even lawn
of the indicator organism. Plates were incubated at 37 °C for 24 h.
The assay was linear (% >0.99) over the range tested (2-75 g/
mL): limit of detection, <0.5 pg/mL; and intraday and interday
coefficient of variation, <3.64%. The PK parameters t1;2, Cmax, Cmin
and AUCy_4sp, (log-linear trapezoidal rule) were determined by a
non-compartmental approach for constant infusions using Phoe-
nix WinNonlin v.6.3 (Certara, Princeton, NJ, USA).

2.5. Measurement of antimicrobial activity and enrichment of
resistant subpopulations

Colonies from an overnight culture were grown in CA-MHB to
approximately 2.5 x 108 CFU/mL as measured by an ultraviolet—
visible (UV-Vis) spectrophotometer (GBC Scientific Equipment,
Braeside, VIC, Australia). Then, 7mL was inoculated into the
peripheral compartment of the system 30 min prior to the start
of PD experiments. Final initial inocula were 3-5 x 107 CFU/mL
(3-5 x 10° CFU/system). Samples (0.5 mL) for bacterial counting
were collected from the device at 0, 2, 4, 6, 8, 10, 24, 26, 28, 30, 32,
34 and 48 h, were diluted and were spread using a spiral plater
workstation (Wasp II; Don Whitley, Shipley, UK) onto antibiotic-
free Mueller-Hinton agar (Becton Dickinson & Co.) and onto agar
containing 3 x MIC amikacin concentrations to quantify amikacin-
resistant subpopulations. Plates were incubated for 24 h at 37°C
for colony counting using an automatic bacterial counter (EC2™;
bioMérieux, Marcy-I'Etoile, France) (limit of detection, 1.7 logg
CFU/mL). Each experiment was performed in triplicate.

Logyo reductions in initial inocula (log,, CFU/mL at time 0 -
log;o CFU/mL at each sampling time) were calculated. The area
under the bacterial killing curve from 0-48 h (log,q CFU/mL x h™!)
was also determined as a measure of global killing along the

experimental time [32,34] for the total population (AUBKC) and for
the resistant subpopulations (AUBKC,,) as a measure of enrich-
ment of bacterial resistance [35]. AUBKC and AUBKC,, were
determined by the trapezoidal rule for values above the lower limit
of detection using GraphPad Prism 7.0 software (GraphPad
Software Inc., La Jolla, CA, USA).

2.6. Pharmacokinetic/pharmacodynamic indices and AUBKC
correlation analysis

Values of Cpa/MIC, Ciax/MPC, AUCq_45,/MIC, AUCq_4g,/MPC
and %Tysw [percentage of time that concentration was inside the
mutant selection window (MSW)] were determined with experi-
mental data.

An inhibitory sigmoid dose-response model (Eq. (1)) was used
to fit AUBKC data versus AUCq_4gn/MIC:

y=ymax_(ymax_yﬂ)[xb/(xb"'xsﬂb)] (1)

where y is the AUBKC; yo and yyax are the minimum and maximum
values of y, respectively; x is the AUCq_45,/MIC; x50 is the AUCqy_y5n/
MIC corresponding to 50% of maximal effect (yyax — Vo); and b is the
shape parameter.

The relationship between AUBKC,, versus AUCg_4g,/MIC and
AUCq_43n/MPC ratios was fitted using a Gaussian-type function
(Eq. (2)):

y=a exp{-0.5[(x - xm)/b]*} (2)

where y is the AUBKC y,; x is the AUCy_4gn/MIC or AUCg_48n/MPC; X1y
is the AUCq_48n/MIC or AUCq_48,/MPC value at the centre of the
distribution; a is the y,ax which corresponds to the height of the
centre of the distribution; and b is the parameter of the width of
the distribution, in the same units as x.

To relate the enrichment of resistant mutants with the %Tysw,
the AUBKC,—%Twusw data that meet the condition T-mpc >0 were
fitted using Eq. (1).

The AUCq_43n/MIC, AUCp_45,/MPC and %Tysw values preventing
enrichment of resistant mutants were estimated for each strain
separately and for the combined data from all three strains by
interpolating the minimal quantifiable AUBKC,, value (minimal
number of quantifiable bacteria, in log,o CFU/mL, above the limit of
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detection over a 48-h period), 4 log [(CFU/mL)x h] from the
Gaussian or sigmoid curves.

The extra-sum-of squares F test (GraphPad Prism) was used to
compare the goodness-of-fit of dose-response curves fitted by the
model for the separate and combined data sets (Eq. (3)):

F=[(85. - 555)(DF¢ - DF;)]/(SSs/DFc) (3)

Table 1
In vitro susceptibility data (pg/mL) of the three study strains.

where SS is the sum-of-squares, DF is the degrees of freedom, SS.
and DF. are the SS and DF obtained by fitting all data into a single
data set, and SS; and DF; are the SS and DF obtained by fitting data
separately. The P-value was calculated from the F ratio, DF.~DF;
and DF.. A P-value of <0.05 indicated bacterial strain-specific
differences in the fitted curves and therefore significantly better
fits for separate data.

Strain ST Standard inoculum (5 x 10° CFU/mL) High inoculum (3-5 x 107 CFU/mL) MPC (10'° CFU/mL)
MIC MBC MIC MBC
1 ST405 4 4 8 8 29.5
2 ST405 4 8 8 8 38.9
3 ST11 4 4 8 8 299
ST, sequence type; MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; MPC, mutant prevention concentration.
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3. Results

Table 1 shows the results of in vitro susceptibility tests. Strain 1
(ST405) and strain 3 (ST11) presented the same MICs and MBCs
with both inocula as well as MPCs, whilst strain 2 (ST405)
presented higher MBCs and MPCs.

Fig. 2 shows experimental PK profiles for the three administra-
tion schedules with the two doses tested and the MSWs.
Experimental levels matched target levels. As expected, the
different dialytic and interdialytic periods of amikacin elimination
produced similar values of Cpax (34.7 0.4 pg/mL for the SD and
68.7 +- 0.8 p.g/mL for the DD) and Cpip (4.6 + 0.5 pg/mL for the SD
and 10.4 + 0.1 pg/mL for the DD), but markedly different values of
AUCg_agn: 3747 £22.7 pgh/mL (pre-HD), 840.0 +£29.8 pugh/mL
(mid-HD) and 1161.8 £ 6.4 pgh/mL (post-HD) for the SD; and
762.0 +10.3 pgh/mL (pre-HD), 1723.1 +27.4 pgh/mL (mid-HD)
and 2295.2 +34.8 g h/mL (post-HD) for the DD.

Values of Ciax/MIC were =8 (SD) and =17 (DD) for all strains.
The C,ax/MPC was <1 (SD) for all strains and ~1 (DD) for strains 1
and 3 (being <1 for strain 2). Table 2 shows the values of AUCq_4gn/
MIC, AUCq_4gn/MPC and %Twsw for the three strains with the two
doses and the three administration schedules.

3.1. Bacterial growth curves

At the beginning of the simulations, the initial inocula were
3-5 % 107 CFU/mL with <1 x10° CFU/mL of resistant subpopula-
tions recovered in plates containing 3 x MIC amikacin, both in
antibiotic-free (controls) and antibiotic simulations. In antibiotic-
free simulations, total bacterial counts increased ~1.5-2.5 log;q
CFU/mL over 48 h, with increases in resistant subpopulations of
~0.5-1.0 log,p CFU/mL. Figs. 3-5 show log;, CFU/mL over 48h
obtained using the different amikacin administration schedules
with the two doses tested for strains 1, 2 and 3, respectively. For all
strains, whether the SD or the DD dose was simulated, the pre-HD
administration schedule resulted in increases at 48 h in bacterial
counts of the total population at the expense of growth of the
resistant subpopulations from approximately 12h onwards.
Bacterial loads similar to the initial inoculum (strains 1 and 2)
or 1.0 log,o CFU/mL increases (strain 3) were observed at 48 h with
the mid-HD schedule and the SD at the expense of resistant
subpopulations. In contrast, this schedule (mid-HD) provided no
growth of resistant subpopulations with the DD, without

Table 2
AUCg_45n/MIC, AUCg_45n/MPC and %Tysw for the three study strains with the two
amikacin doses tested.

Amikacin dose and administration schedule®

SD DD

Pre-HD

AUCo_4gn/MIC ~ 93.7 210.0 2905 1905 4308 573.8
AUCq_45n/MPC

Mid-HD Post-HD Pre-HD Mid-HD Post-HD

Strain 1 12.7 285 394 258 58.4 778

Strain 2 9.6 21.6 299 19.6 443 59.0

Strain 3 125 281 389 255 57.6 76.8
%Tmsw

Strain 1 98.3 815 76.3 931 471 6.6

Strain 2 999 99.9 99.9 94.6 48.7 224

Strain 3 98.4 82.2 79.0 93.2 47.2 6.7

AUC_4gn, area under the concentration-time curve from 0 to 48 h; MIC, minimum
inhibitory concentration; MPC, mutant prevention concentration; %Tusw, percent-
age of time that the concentration was inside the mutant selection window; SD,
standard dose; DD, double dose.

? Pre-HD, amikacin administration followed by haemodialysis immediately after
infusion; post-HD, amikacin administration immediately after haemodialysis; and
mid-HD, amikacin administration at the 50% interval time between two
haemodialysis sessions (50% interdialytic period).

differences with the post-HD schedule with the DD. No significant
growth of resistant subpopulations with respect to initial inocula
could be observed with the post-HD schedule and the SD for strains
1 and 3, but not for strain 2 where resistant subpopulations
increased ~2 log;o CFU/mL at 48 h.

3.2. Relationships of the antimicrobial effect and of the enrichment of
resistance to pharmacokinetic/pharmacodynamic indices

The increasing AUCq_4gn/MIC ratio (from pre-HD to post-HD
and/or by increasing the dose from SD to DD) correlated well (12
=0.93-0.99 individually vs. r* =0.98 for the combined three-strain
data; P=0.94) with decreasing values of AUBKC (Fig. 6). The
AUBKC,,,—concentration (AUCq_45,/MIC and AUCq_45,/MPC) curves
were bell-shaped. For each strain, the AUBKC,,, value increased (as
increased the enrichment of resistant mutants) reaching maxi-
mum values with the pre-HD schedule and the SD, and decreased
to zero by increasing the AUC of the simulated amikacin schedules.
The Gaussian-like function strongly fitted the AUBKC,,,~AUCq_agn/
MIC and AUBKC,,—~AUCo_4gn/MPC data for each organism (%= 0.91-
0.99 for both) and for the combined strain data (r* > 0.90 and 0.94,
respectively) (Fig. 7a,b). However, despite the scarce stratification
of AUBKC-concentration data, individual AUBKC,,,—~AUCg_4gr/MIC
fits were significantly better (P=0.036) than the single fit
combining all data sets. Unlike the AUCgy_45,/MIC, the AUBKC,,
relationship with AUCq_45,/MPC was strain-independent (P=0.23
for separate versus combined data). Table 3 shows the values of
AUCq_43n/MIC and AUCq_4g,/MPC that, according to the model,
countered the enrichment of resistant subpopulations.

The AUBKC,, relationship with %Tysw was modelled using data
from the amikacin administration schedules resulting in amikacin
concentrations above the MPC (T.mpc>0). Eq. (1) fitted these
data quite well (+>=0.94; Fig. 7c). A weaker correlation was
found for the %#Tysw—-AUBKC,, relationship using the entire data
set (Tompc=0 and T.ppc>0; r =0.70). The estimated %Tysw (for
T.mpc>0) that prevented the enrichment of resistant mutants
was <61.5%. This value was similar for strain 1 (%Tysw <62.2%;
?=0.98) and strain 3 (%¥Tusw < 62.5%; r* =0.94); the analysis could
not be done for strain 2 owing to insufficient T. ypc data.

4. Discussion

The present study was designed to investigate in vitro
alternative amikacin administration schedules with respect to
haemodialysis in order to increase antibacterial activity and the
prevention of resistance emergence in the face of new bacterial
threats. The results pointed to AUCy_45,/MPC as the most
predictive parameter and to the post-HD schedule as the optimal
administration schedule to counter enrichment of resistant
subpopulations.

The strains used in this study represented not only isolates from
the outbreak but also sequence types of OXA48KP strains
circulating in Spain. The described multidrug resistance traits
associated with the infecting clones obliged treating physicians to
consider combination antibiotic therapy, including amikacin (as
the sole aminoglycoside to which isolates were not resistant,
although in the susceptibility limit) together with two other
available drugs (colistin and tigecycline) according to the
susceptibility profile. The PK targets (AUCg_24n and Cuin) for
aminoglycosides such as amikacin to optimise antibiotic dosing
regimens and minimise toxicity have been widely described
[11,12,14,36]. However, in patients with end-stage renal failure
undergoing conventional haemodialysis, optimisation of a dosing
regimen to obtain the desired Cyax and Cy, is a difficult task,
especially considering that the extracorporeal clearance of the
drugs significantly changes pharmacokinetics [11]. Specifically,
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under the bacterial killing curve for the total population; AUBKCy,, area under the bacterial killing curve for the resistant subpopulations; SD, standard dose, DD, double dose;

HD, haemodialysis.

there are no recent studies with amikacin in this type of patient
and the dialysis methods used in old studies [21] are not
comparable with those used presently. Nowadays, increasing
antimicrobial resistance stresses the need for PK/PD data
supporting new strategies for the optimisation of amikacin dosing.

Classically, for aminoglycosides it has been established that a
Cinax/MIC ratio of 8-10 or an AUCq_»4,/MIC ratio of >70-90 are
needed for an optimal dosing regimen [11]. These estimations
successfully predict the microbiological results for treatments
directed to the predominant susceptible population but may be
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Fig. 4. Bacterial counts (log,o CFU/mL) over 48 h obtained using the different amikacin administration schedules with the two doses tested for strain 2 (ST405): bacterial
counts over time for the total population (grown in antibiotic-free plates, @) and the resistant subpopulation (grown in plates containing 3 x MIC of amikacin, o). As an
example, the AUBKC (shaded area) and AUBKC,, (dotted area) are represented in control curves. ST, sequence type; MIC, minimum inhibitory concentration; AUBKC, area
under the bacterial killing curve for the total population; AUBKC,,, area under the bacterial killing curve for the resistant subpopulations; SD, standard dose, DD, double dose;
HD, haemodialysis.

inadequate for infections caused by strains presenting resistant
subpopulations [37]. In the last decades, efforts were aimed to
establish target PK/PD values as the basis of regimens able to
counter the emergence of resistance [37-40].

In the present study, use of three isolates exhibiting the same
MIC as well as a study design aimed at achieving the same Cpax
value in the simulations of the three dosing schedules implied
that PK/PD parameters based on Cyax or MIC could not be
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Fig. 5. Bacterial counts (log,o CFU/mL) over 48 h obtained using the different amikacin administration schedules with the two doses tested for strain 3 (ST11): bacterial counts
over time for the total population (grown in antibiotic-free plates, @) and the resistant subpopulation (grown in plates containing 3 x MIC of amikacin, ¢). As an example, the
AUBKC (shaded area) and AUBKC,, (dotted area) are represented in control curves. ST, sequence type; MIC, minimum inhibitory concentration; AUBKC, area under the
bacterial killing curve for the total population; AUBKC,, area under the bacterial killing curve for the resistant subpopulations; SD, standard dose, DD, double dose; HD,

haemodialysis.

strain-independent predictors of antibacterial activity considering
the different behaviour of the three strains along the antibiotic
exposure. In this situation, MPC values (different for the three
strains) acquired importance for dosing targets [38]. In the current

study, regardless of the similarity of MPC/MIC values (7.4-9.7) for
the three strains, the estimated values predicting low enrichment
of the resistant subpopulations showed low interstrain variability
in the case of the AUCy_45,/MPC in contrast to AUCy_4g,/MIC where
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Fig. 6. AUCy_45,/MIC relationship with amikacin effect on total (susceptible)
population of Klebsiella pneumoniae (coefficients of Eq. (1); ¥o=23.6, Ymax=353.7,
Xs0=204.1 and b=1.9). AUCg_agn, area under the concentration-time curve from 0 to
48 h; MIC, minimum inhibitory concentration; AUBKC, area under the bacterial
killing curve for the total population.

variability was high. Due to this, the AUCq_43,/MPC correlated
better with the prevention of growth of resistant subpopulations.
The higher predictive value of AUCy_48,/MPC was demonstrated
with non-aminoglycosides compounds and different bacterial
species in some studies [38,41], but not in others [42-44], with
none of them linked to situations of haemodialysis.

The MSW hypothesis defines that selection of antibiotic
resistant mutants occurs within a concentration range between
the MIC and MPC [39]. In the present study, the %Tysw (T-mpc > 0)
was strongly correlated with enrichment of resistance, although
we could not assess interstrain variability owing to lack of data. The
%Tmsw does not consider the position of simulated concentrations
within the MSW, which may influence the amplification of
resistant mutants [45]. With fluoroquinolones, enrichment of
the population with resistant mutants depends not only on the %
Tmsw but also on the position of antibiotic concentrations within
the MSW, being more pronounced when concentrations are closer
to the lower limit, suggesting that %Tysw-based predictions of
resistance are less accurate than those based on AUCqy_4n/MPC
[35]. The importance of the position within the MSW was clearly
observed for strain 2 (see SD amikacin schedules) where marked
differences in enrichment of resistant subpopulations were
observed between pre-, mid- and post-HD schedules for the SD
with identical %Tysw values (Table 2). The position within the
MSW was also determinant in this study for strains 1 and 3 and the
post-HD administration of the SD since, although simulated %Tysw
values (73-76%) were, according to the model, markedly higher
than those preventing enrichment of resistant subpopulations
(approximately <62%), the fact that concentrations within the
MSW were maintained closer to the upper MSW value resulted in a
virtually undetectable enrichment of these subpopulations. Due to
this, the AUCq_48n/MPC was better than the %Tysw (Tompc > 0) as a
predictive parameter in the specific setting of this study, with
values of ~40 being associated with countering of increases in
resistant subpopulations. Therefore, the current results are in
accordance with the greater antimutant potential of concentra-
tions above the MPC despite the same %Tysw, as previously
concluded [35]. Thus, the highest possible dose and haemodialysis
>24h after infusion would be necessary to achieve the highest
AUCq_45h/MPC values able to counter enrichment of resistant
subpopulations.

Several limitations of this study can be identified. The strains
used in this study represented isolates from an epidemic outbreak

(a)

600

250
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00 8 60 40 D 0
Trsw Tsnpc>0 (%)

Fig. 7. Correlation of pharmacokinetic/pharmacodynamic indices with resistance
in Klebsiella pneumoniae: (a): AUCq_4gn/MIC relationship with AUBKC,, fitted by
Eq. (2), xn=1204, a=226.4 and b=71.1; (b) AUCy_4sn/MPC relationship with
AUBKC, fitted by Eq. (2), xm=14.7, a=215.4 and b=9.4; and (¢) %Tusw (T-mpc> 0)
relationship with AUBKC,, fitted by Eq. (1), ¥o=513.0, ¥max=0.8, x5,=99.8 and
b=9.9. AUCg_4gn, area under the concentration-time curve from 0 to 48 h; MIC,
minimum inhibitory concentration; AUBKCy,, area under the bacterial killing curve
for the resistant subpopulations; MPC, mutant prevention concentration; %Tausw,
percentage of time that the concentration was inside the mutant selection window.

and the results could not be directly extrapolated to other strains/
species/resistance determinants. The daily drug exposure (i.e. AUC/
MIC) as well as the duration of treatment can contribute to the
development of antimicrobial resistance [46] and therefore the
short duration of this study may be a limitation. Pre-HD, mid-HD
and post-HD amikacin profiles were estimated and were not based
on patient data owing to the lack of published data in this specific
setting. Finally, the DD was studied to have the highest values of
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Table 3

Values of AUCy_45,/MIC and AUCy_45,/MPC that prevented the enrichment of
resistant subpopulations according to the model performed by relating experi-
mental data of these parameters with AUBKC.

Strain AUCy_sgn/MIC AUCy_sg,/MPC
1 2873 389

2 371.0 38.2

3 3254 435

All strains 3278 +421 402+29

AUCq_4sn, area under the concentration-time curve from 0 to 48 h; MIC, minimum
inhibitory concentration; MPC, mutant prevention concentration; AUBKC, area
under the bacterial killing curve for the total population.

PK/PD parameters (based on AUCq_4g,) without considerations of
toxicity in this in vitro study.

5. Conclusion

This study explored PK/PD relationships by simulating amikacin
administration in severely ill patients undergoing dialysis facing a
MDR epidemic nosocomial outbreak by OXA48KP isolates exhibit-
ing an amikacin MIC at the limit of susceptibility. As classically
reported, the highest the AUCy_45n/MIC values, the highest the
decreases in total bacterial load. The analysis of PK/PD parameters
predicting enrichment of resistance (AUCq_4gn/MPC and/or %Tysw)
showed that the longest times concentrations were above the MPC
(i.e. lowest Tysw), the lowest enrichment of resistant subpopu-
lations. This implies the use of the highest possible dose of
amikacin (limited by toxicity) and the post-HD as the best schedule
for administration.
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