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Colistin is increasingly being utilized against Gram-negative pathogens, including Pseudomonas aeruginosa,
resistant to all other antibiotics. Since limited data exist regarding killing by colistin at different initial inocula
(CFUo), we evaluated Kkilling of Pseudomonas aeruginosa by colistin at several CFUo and developed a mecha-
nism-based mathematical model accommodating a range of CFUo. In vitro time-kill experiments were per-
formed using =8 concentrations up to 64 X the MIC of colistin against P. aeruginosa PAO1 and two clinical
P. aeruginosa isolates at CFUo of 10° 10%, and 10° CFU/ml. Serial samples up to 24 h were simultaneously
modeled in the NONMEM VI (results shown) and S-ADAPT software programs. The mathematical model was
prospectively “validated” by additional time-kill studies assessing the effect of Ca>* and Mg** on killing of
PAOL by colistin. Against PAO1, killing of the susceptible population was 23-fold slower at the 10° CFUo and
6-fold slower at the 10° CFUo than at the 10° CFUo. The model comprised three populations with different
second-order Kkilling rate constants (5.72, 0.369, and 0.00210 liters/h/mg). Bacteria were assumed to release
signal molecules stimulating a phenotypic change that inhibits killing. The proposed mechanism-based model
had a good predictive performance, could describe killing by colistin for all three studied strains and for two
literature studies, and performed well in a prospective validation with various concentrations of Ca?* and
Mg>*. The extent and rate of killing of P. aeruginosa by colistin were markedly decreased at high CFUo
compared to those at low CFUo. This was well described by a mechanism-based mathematical model, which

should be further validated using dynamic in vitro models.

During the last decades, important strides have been made
in our understanding of antimicrobial pharmacodynamics
(PD) (16, 21). Identification of the pharmacokinetic/pharma-
codynamic (PKPD) index that best predicts a successful out-
come became a cornerstone of optimization of antimicrobial
therapy (2, 16, 21). However, PKPD target values may vary
between antibiotics and pathogens (2, 3) and may not be uni-
versal for all infections (27) and types of outcomes (44, 59).
For example, severe infections, such as endocarditis, infections
of prostheses, and ventilator-associated pneumonia are known
to have a high density of bacteria, which is associated with a
higher mortality (25, 47, 54, 60). Furthermore, an increased
density of bacteria represents a greater challenge to the im-
mune system and may result in higher bacterial toxin concen-
trations. In addition, bacterial killing by antibiotics has been
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shown to be attenuated at high initial inocula (CFUo0) com-
pared to low CFUo (9, 10, 47, 53, 67, 69).

Colistin, also known as polymyxin E, was introduced to the
market nearly half a century ago (40). Due to the increasing
prevalence of Pseudomonas aeruginosa strains resistant to vir-
tually all other commercially available antibiotics, polymyxins
are now being increasingly utilized as salvage therapy against
infections due to multidrug-resistant Gram-negative patho-
gens, including P. aeruginosa (40, 42).

As the initial site of action, the polycationic polymyxin mol-
ecules displace Mg?* and Ca** ions that cross-bridge between
adjacent negatively charged phosphate groups of lipopolysac-
charides (LPS) in the outer membrane of Gram-negative bac-
teria (19, 33, 39, 48, 61). High concentrations of Mg®" and
Ca?* can competitively inhibit the effects of polymyxins (48,
55, 56). Changes in the composition of LPS reducing the net
negative charge of the outer membrane and modifying the
hydrophobic side chain have been proposed as a mechanism of
resistance to polymyxins (14, 36). P. aeruginosa can sense cer-
tain environmental conditions that cause adaptive resistance to
polymyxins (49, 51).

Infections by P. aeruginosa are especially difficult to treat if
they are deep seated or sequestered or have a biofilm matrix at
high bacterial densities (15, 28, 71), and infections with a high
CFUo often carry a high number of resistant mutants. To limit
the emergence of resistance, optimizing the PKPD of antimi-
crobials to combat infections with a high CFUo is therefore of
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the utmost importance. Adler and Finland (1) reported higher
MIC:s for polymyxin B when tested at high compared CFUo to
low CFUo, and Peyret et al. (52) and Tam et al. (65) found a
lower rate of killing of P. aeruginosa by polymyxin B against
high versus low CFUo. We are not aware of studies on the
impact of CFUo on the rate and extent of killing by colistin.
To our knowledge, there are no published mathematical
models for the rate and extent of killing by polymyxins. We
proposed and evaluated the first inoculum effect model
studying ceftazidime against P. aeruginosa (10-11; J. B. Bu-
litta, J. C. Yang, B. T. Tsuji, W. J. Jusko, and A. Forrest,
presented at the post-ICAAC symposium of the Interna-
tional Society of Anti-Infective Pharmacology, Chicago, IL,
20 September 2007), and subsequently, Udekwu et al. (70)
proposed a simulation model with one subpopulation to
describe the inoculum effect.

The objectives of the current study were to evaluate the
impact of CFUo on the rate and extent of killing of P. aerugi-
nosa by colistin and to develop and evaluate a mechanism-
based mathematical PD model that can describe killing by
colistin over a range of CFUo.

(This work was presented in part as a poster [no. A-6] at the
47th Interscience Conference of Antimicrobial Agents and
Chemotherapy, Chicago, IL, 2007 [73], in part as an oral pre-
sentation at the post-ICAAC meeting of the International So-
ciety of Anti-Infective Pharmacology in Chicago, IL, 2007, in
part as a poster [abstr. 1829] at the AAPS Annual Meeting,
San Diego, CA, 2007 [11], and in part as a poster [no. A-119]
at the 109th General Meeting of the American Society for
Microbiology, Philadelphia, PA, 2009 (74)).

MATERIALS AND METHODS

Bacterial strains, media, and MICs. Three isolates of P. aeruginosa were
studied: a genetically characterized clinical isolate, PAO1, obtained from the
R.E.W. Hancock Laboratory at the University of British Columbia, Vancouver,
Canada (62), and two clinical isolates, URMC1 and URMC2, obtained from the
University of Rochester Medical Center, Rochester, NY. Fresh solutions of
colistin sulfate (Sigma-Aldrich, St. Louis, MO), dissolved in sterile water, were
prepared prior to each experimental run. Luria-Bertani (LB) broth supple-
mented with Ca®" (25 mg/liter) and Mg?* (12.5 mg/liter) was utilized for all
time-kill experiments. Bacterial counts were determined on LB agar. Luria-
Bertani broth and agar were selected as rich media to facilitate growth at high
CFUo in time-kill experiments (30). The MICs were determined by broth
microdilution in quadruplicate using colistin sulfate according to Clinical
Laboratory Standards Institute guidelines in cation-adjusted Mueller-Hinton
broth (MHB) or cation-adjusted LB broth. The MICs in MHB (LB) broth
were 2.0 (4.0) mg/liter for PAO1 and 0.5 (1.0) mg/liter for URMCI1 and for
URMC2.

Time-kill experiments. Fresh bacterial colonies from an overnight growth were
added to normal saline and adjusted spectrophotometrically to provide a stan-
dard suspension. This suspension was diluted with LB broth to achieve the
desired CFUo. Each 20-ml culture was incubated in a water bath at 37°C with
constant shaking. Initial inocula were 10%, 10°, 10%, and 10° CFU/ml for PAO1
and 10°, 108, and 10° CFU/ml for URMC1 and URMC2. Bacteria were allowed
to grow for approximately 45 min in LB broth before colistin was added from a
standard antibiotic stock solution to achieve 11 colistin concentrations up to 256
mg/liter colistin (64 X MIC in LB broth) for PAO1 and to achieve nine colistin
concentrations up to 64 mg/liter colistin (64 X MIC in LB broth) for strains
URMCI and URMC?2 at each CFUo.

Samples were collected for determination of bacterial counts at the following
time points: 0, 0.25, 0.5, 1, 2, 3, 4, 8, 12, 16, and 24 h for PAO1 for initial
characterization of colistin pharmacodynamics and 0, 0.5, 1, 2, 4, 6, 8, and 24 h
for URMC1 and URMC2. Antimicrobial carryover was taken into account by
serial dilution (10- to 100,000-fold) and centrifuging the bacterial samples for 5
min, after which they were reconstituted with sterile normal saline to their
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original volumes. Colony counts were determined as previously described (68)
using an automated spiral dispenser. Plates were incubated for 18 to 24 h. To
determine quantitative viable counts of less-susceptible cells for PAO1, bacterial
suspensions at 24 h were centrifuged and resuspended in saline, and 200 wl of
this suspension was manually plated on LB agar containing 0, 2, 4, 8, or 16
mg/liter colistin (MIC of PAO1 on LB agar, 2 mg/liter). Drug-containing plates
were incubated for 48 h at 35°C. All time-kill experiments were performed in
duplicate.

Time-kill experiments to assess potential drug binding or degradation. Ad-
ditional experiments were performed to evaluate the potential effect of binding
of colistin to LPS or other molecules in spent broth as a potential mechanism to
account for the inoculum effect. A CFUo of PAO1 was grown from 10° to 10°#
CFU/ml over 24 h in cation-adjusted LB broth. Then, 16 or 64 mg/liter colistin
or no drug was added to this suspension (without filtration of the suspension).
After 0.75 or 24 h of coincubation at 37°C, the suspension was centrifuged
and filter sterilized (0.22-um filter). Fresh PAOT1 cells in log-growth phase
were added to the filtrate to achieve a CFUo of 102 CFU/ml. No additional
colistin was added to the filtrate. Viable counts were recorded over an
additional 24 h.

Time-kill experiments to support the target site model. Time-kill experiments
to assess the effect of Ca?>" and Mg>" on the activity of colistin against PAO1
were performed as described above. For samples with low colony counts, 200 .l
of the bacterial suspensions in saline were plated to increase the sensitivity of the
viable counts. EDTA (pH adjusted to 7.0) as a chelating agent, Ca**, or Mg>"
was added to LB broth to achieve the following concentrations of added cations
or EDTA: (i) 20 mM EDTA, (ii) 2 mM EDTA, (iii) no cations added, (iv) 10
mg/liter (0.250 mM) Ca?>* and 5 mg/liter (0.206 mM) Mg>*, (v) 20 mg/liter Ca>*
and 10 mg/liter Mg?*, or (vi) 80 mg/liter Ca®>" and 40 mg/liter Mg>". At these
concentrations of EDTA, >95% of Ca** and Mg>* should be bound.

Descriptive data analysis. Initially, an integrated area approach was applied to
describe the log ratio area by a Hill-type model as previously described (34).

Development and qualification of the population PD model. (i) Bacterial
populations. Models with two, three, or four preexisting bacterial populations
were considered as proposed previously (24, 35, 45, 50). Since we had only
time-kill data with a constant colistin concentration, the natural death rate
constant (ky) from the work of Meagher et al. (45) of 0.3 h™! was used, since
their data were based on a one-compartment in vitro PD model with drug
concentrations changing over time.

(i) Growth model. The growth model comprised a previously described, sat-
urable growth function (45) with a maximal velocity of bacterial growth [VG,,,.,,
expressed in CFU/(ml - h)] and the bacterial density that results in 50% of the
maximal rate of growth (CFU,,, expressed in CFU/ml). We reparameterized this
growth function (see the work of Harigaya et al. [34] for equations) and esti-
mated the maximum population size (POP,,,,,) and the fastest growth half-life at
low bacterial densities [¢1,(kg 10w cru)]; Since these two parameters can be more
readily interpreted than VG,,,, and CFU,,. To incorporate a slower initial
growth phase, a lag compartment that contained the susceptible population at
time zero was included and linked by a first-order rate constant (k;,,) with the
compartment of the susceptible population subject to growth (Fig. 1).

(iii) Receptor occupancy model. We assumed that colistin has to competitively
displace Mg?* and Ca®" from their binding sites on the outer membrane before
it can cause killing at the target site. Schindler and Osborn (55) found a similar
dissociation constant for Mg?* and Ca?* for the binding site on LPS extracted
from Salmonella enterica serovar Typhimurium. The approximately four binding
sites of LPS extracted from P. aeruginosa were shown to have equivalent affinities
for polymyxin B (48). In the present modeling, the dissociation constants were
fixed to 200 wmol/liter for Mg?* and Ca?* (Kdcyaions) and to 0.3 wmol/liter for
colistin (Kdcgigin) according to data on strain G30A of Salmonella serovar
Typhimurium (55). This choice of values for Kdyisiin and Kdeggions Was assessed
in a systematic sensitivity analysis. Under these assumptions, the fractional oc-
cupancy (Fregons) Of the receptor for these two cations can be expressed as a
function of the sum of the molar Mg®* and Ca?* concentration (Ccyions) and
the colistin concentration (Ccjisin in mg/liter):

C(‘ulions (1)
KdCalions . CCo]is(in
KdCulls(iu Mm

Freatons =

Kd(jaliom + C(?mium +

The average molecular mass (M,,) of the two predominant components of
colistin (colistin A and B) is 1,163 g/mol. The fraction of receptors not occupied
by Mg?" or Ca®>* was used in a Hill equation to calculate the effective colistin
concentration at the target site (Ccopistin,err) s a function of the colistin concen-
tration in broth (Ccgjigin)- Binding was assumed to be rapid:
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FIG. 1. Structure of the pharmacodynamic model, including bacterial growth, killing, and the inoculum effect (A) and the receptor occupancy
model (B). The bacterial model contains one compartment for the susceptible, intermediate, and least-susceptible (“resistant”) population and a
lag compartment for the susceptible population. In the lag compartment, bacteria do not replicate and are not subject to natural death but are
subject to drug-induced killing and the effect of signal molecules. For the other three bacterial compartments, loss of cells occurs via a first-order
natural death and a second-order killing process by colistin. Signal molecules were assumed to inhibit bacterial killing by colistin and the rate of
bacterial replication (only the arrow for the effect of signal molecules on the susceptible population is shown). Initial conditions (IC) were
estimated (see Methods). The target site model comprised a competitive interaction of colistin with Mg?* and Ca®" at the LPS binding sites in
the outer membrane. Binding sites occupied by Mg?* and Ca®* were assumed to decrease the colistin concentration that is available in the active

conformation(s) at the site of action.
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(iv) Drug effect and inoculum effect. Bacterial killing was specified as second-
order processes with a different killing rate constant for each population. The
data revealed a substantially slower killing at high CFUo than at low CFUo. To
characterize this inoculum effect, all viable bacteria were assumed to synthesize
and release freely diffusible signal molecules (57) that cause phenotypic changes

inhibiting killing by polymyxins. The maximum inhibition of killing (Imaxy;,) and
of the replication rate (Imaxg.,) and the signal molecule concentration associ-
ated with 50% of maximal inhibition (ICs)) were estimated.

(v) Composite model. The following equations describe the concentration of
all viable bacteria (CFU 4 ; ) and inhibition of killing (INH;,) and of replication
(INHgep) by signal molecules (concentration, Cg;gy):

CFU,.. = CFUg,, + CFUg + CFU, + CFUg 3)
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FIG. 2. Population predicted versus observed log,, (CFU/ml) for three strains of P. aeruginosa at a low (top), intermediate (middle), or high
(bottom) initial inoculum (see also Table 1 and Fig. 1; based on results from S-ADAPT). A log,, value of observed colony counts plotted as zero
means no colony was on the plate. Given the volume of 50 pl plated, one colony is equivalent to 20 CFU/ml (approximately 1.3 on log,, scale)

for an undiluted sample.

Csign
INHy = 1= Imaxg * (o — )
: Sign
Csign
INHg, = 1 — Imaxg,, * ICu+ Cov 5)

The differential equations for susceptible cells in the lag compartment (CFUg ),
replicating susceptible cells (CFUyg), cells with intermediate susceptibility to colistin
(CFUy), and least-susceptible cells (CFUy) are:

dCFUg,,
T: (_klag — INHgy * kos - CColislin,cff) N CFUS-lﬂg (6)
dCFUyg INHRep 3 VGmux,S
4t \CFU, + CFUaLL —ky = INHgy - kys * Ceoistinetr | © CFUg
+ kg * CFUg g ™
dCFU;  (INHgg, * VG
ar CFU,, + CFU, — ks — INHgy * kot * Ceoistinet | © CFU;
()
dCFUyg INHgep © VGuxr
dt - CFU,, + CFU, o — ks — INHgy * kor * Ceotistinerr ) © CFUg
)

The CFUo of all populations was estimated. Initial conditions of the intermedi-
ate and least-susceptible population were estimated as log,, of the fraction (Fry
and Frg) of CFUo (see Table 1 for further explanation of parameters). We
considered both models that assume the same Fr; and Fry for all CFUo and
models that allowed Fry and Fry to differ between CFUo. The initial condition
for CFUg ,, was calculated as the difference between the CFUo and the initial
condition of the intermediate and least-susceptible populations. The initial con-

dition for CFUg was zero. To consider the potential absence of populations with
a low mutation frequency at low CFUo, the initial condition of a bacterial
population was set to zero if less than 1 cell would have been expected in 20 ml
of broth.

To account for a slower growth of the intermediate and least-susceptible
populations than of the susceptible population, different VG,,,, terms were
estimated for each population, and the associated ¢;,(ky 10w cru) values were
reported. The differential equation for hypothetical signal molecules is as follows
(kgeg is the degradation rate constant):

dCip ml
o=\ CFUAL * &g~ Csin ) * Kaee (10)

The parameterization of equation 10 yields the same numerical value for the
signal molecule concentration as for the bacterial concentration (CFU ;) at
steady state.

(vi) Observation model. The residual unidentified variability was described by
an additive error model on a log, scale, and data were fit as log,, (CFU/ml) if
the observed bacterial density was 100 CFU/ml or more (equivalent to at least
five colonies per plate). The CFU 511 ops is the observed CFU/ml, CFU Ay preq
is the individual fitted CFU/ml (without error), and ecgy; is a random variable
with a mean of zero and standard deviation (SD¢py) describing the additive
error on log, scale:

10g10(CFUALLobs) = 10g10(CFUALL prea) T+ Ecru (11)

For observations from undiluted samples with fewer than five colonies per plate,
data were fit as actual colony counts, and the additive error on log scale was
transformed to a proportional error on the scale of observed colony counts with
the same variance as the additive error on log, scale. At low colony counts, the
random error due to observing only an integer number of colonies is most
important compared to other sources of error. Therefore, a Poisson error (€p,;)
and an additive error (e,44) Were included if fewer than five colonies per plate
were observed:
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FIG. 3. Viable counts on drug-free and drug-containing plates at
24 h for P. aeruginosa PAOL1 for an initial inoculum of 10° (A), 10% (B),
or 10° (C) CFU/ml (agar MIC of PAO1, 2 mg/liter). Colistin concen-
trations above 16 mg/liter were not studied at the 10°-CFU/ml inocu-
lum. Plates with 8 mg/liter colistin showed a log,, CFU/ml between 1.6
and 4.1 for 2 mg/liter at the 10° inoculum and for 2, 4, and 8 mg/liter
colistin in broth at the 10%-CFU/ml inoculum. The log,, CFU/ml was
2.75 for 16 mgl/liter colistin at the 105-CFU/ml inoculum. All other
plates with 8 or 16 mg/liter colistin showed no viable growth.

CFUALLobs CFUALL,pred CFUALL,pred 03
20 = 20 - [1+In(10) + ecpul + 20

* Epois T €add

(12)

Division by 20 converts the CFU/ml data into colony counts on the plate, since
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50 pl of undiluted sample was plated for these low colony counts. The €p,;, and
€44 are random variables with a mean of 0 and fixed standard deviations of 1 for
€pois and 0.25 for €444. The residual error model was evaluated in an exhaustive
simulation-estimation study using a model with two subpopulations of different
susceptibilities, first-order growth, logistic plateau function, and 2nd-order killing
function.

(vii) Model qualification. Models were assessed via standard diagnostic plots
and a leave-one-inoculum-out internal cross-validation as described previously
(10). For external model qualification involving two different clinical strains,
selected model parameters for growth and killing of P. aeruginosa at low CFUo
were reestimated based on data from the work of Gunderson et al. (31) and Li
et al. (41). The Beal M3 method (6) was used for data from Gunderson et al. to
appropriately handle data below the reported limit of detection.

(viii) Computation. Nonlinear mixed-effects modeling in the NONMEM VI
(7) and S-ADAPT (version 1.55 and 1.56) (5) software programs was applied as
described previously (10). The first-order conditional estimation method with the
interaction estimation option was used in NONMEM, and the importance sam-
pling Monte-Carlo expectation-maximization method (pmethod = 4 or 8) was
used in S-ADAPT. Variability of PD parameters between individual profiles was
described by an exponential parameter variability model. An additive variability
model was used for parameters estimated on log scale. A three-stage hierarchical
analysis in S-ADAPT was performed to model the data of the time-kill experi-
ments with various concentrations of Ca>*, Mg?*, or EDTA using methods
described previously (37). The population PD results of the inoculum effect
modeling in S-ADAPT were used as prior information. Plausible but uninfor-
mative priors were used for the maximum population size, initial inoculum, and
half-life of growth and of the growth lag, since these parameters could be
estimated well from the available data set. The sum of the free concentrations of
Ca®" and Mg?* and the growth half-life in the presence of EDTA were esti-
mated.

RESULTS

The structural mathematical model (Fig. 1) described the
rapid, concentration-dependent killing by colistin (Fig. 2) and
the inhibition of killing at high CFUo compared to that at low
CFUo. At the 10° CFUo, bacterial killing by colistin was rapid
and concentration dependent against all P. aeruginosa isolates.
For the 10° CFUo, bactericidal activity within 1 h was achieved
at concentrations of 1 to 4 X the MIC, and concentrations of
=16 X the MIC resulted in bacterial reductions to undetect-
able concentrations within 30 min. Against the 10® and 10°
CFUo, colistin activity was markedly attenuated (Fig. 2). Up to
32-fold-higher concentrations were required at the 10° CFUo
than at the 10° CFUo to achieve bactericidal activity. At the
10° CFUo, killing was less pronounced and much slower, with

A) B) C) Equations
Inoculum E, Emax EC;, H E, Emax ECy; H E, Emax EC;, H )
105 CFUML -0.003 5.07 0.777 6.10 -0.036 464 0736 2.48 0154 469 1.15 172 |LogRatioArea =
108 CFU/mL -0.173 3.01 1.49 3.95 -0.066 3.24 269 4.14 -0.003 3.30 256 5.17 AUCFU,,
10°CFU/ML -0.156 1.99 6.22 2.20 -0.039 2.67 462 6.14 0.123 248 350 228 |E=1000 AUCFU.
Growth Control
0 4
© v Emax x[C:MIC]"
o) 4 e T
= [ECg,]" +[C:MIC]
<
RS 2
© Legend
o 3 . g
p v CFUQ=10% CFU/mI
S 4 o CFUp=108 CFU/mI
5 e CFUQ=108 CFU/mI
6 6 6
04 1 10 100 04 1 10 100 04 1 10 100

Colistin concentration / MIC

FIG. 4. Pharmacodynamic relationship between colistin concentration/MIC and the log ratio area [log,, (area under the CFU curve from 0 to
24 h for colistin/area under the CFU curve from 0 to 24 h for growth control)] at each initial inoculum for three P. aeruginosa strains (all r* values
ranged between 0.978 and 0.999): PAO1 (A), URMCI1 (B), and URMC2 (C).
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TABLE 1. Parameter estimates for population pharmacodynamic model”

Estimate (% variability)

Parameter Symbol Unit P. aeruginosa PAO1 Strain Strain
URMC1 URMC2
NONMEM S-ADAPT (S-ADAPT)  (S-ADAPT)

Parameters for bacterial growth
Shortest half-life of growth at low
bacterial densities

Susceptible population tip(kgiow cru)s i 222 (24 [CV]))° 24.0 (12)° 17.9 17.0
Intermediate population tip(kgiow cru)r Min 28.7 (24 [CV])® 25.0 (12)° 21.7 24.8
Least-susceptible population tip(kgiow cru)r ~ MiIN 62.4 (24 [CV])® 58.1 (12)° 86.8 76.2
Natural death rate constant ky h! 0.3 0.3 0.3 0.3
Half-life of growth lag process t1p(Kiag) h 1.31 1.10 (14) 1.36 0.967
Maximum population size POP, ., CFU/ml 107% 103 10768 10916
Parameters for bacterial inocula (initial
conditions)
Initial inoculum size (sum of all
populations)
10* inoculum Log,, CFUo, 4.34 4.34 +0.06
10° inoculum Log,, CFUoq 6.17 6.31 = 0.01 6.35 6.17
10® inoculum Log,, CFUog 8.33 8.44 = 0.25 7.82 8.07
10° inoculum Log,, CFUoq 8.96 9.07 = 0.13 8.42 8.61
Intermediate population as fraction of Log,, Fry —3.43 —3.53 —3.97 —4.93
initial inoculum
Least-susceptible population as fraction  Log,, Frg =719 -7.59 -7.16 —6.18

of initial inoculum

Parameters for the inoculum effect

Initial signal molecule conc relative to Frg;, ml/CFU 107189 10204 1071964 107504
initial inoculum

Signal molecule conen resulting in 50%  1Cs, 10617 = 0794 10651 = 0-284 10627 106074
of max. effect

Degradation half-life of signal molecules ¢, ,(Kqe,) h 0.970 1.08 1.30 3.57

Maximal inhibition of growth rate by Imaxge, 0.422 0.407 0.569 0.111
signal molecules

Maximal inhibition of bacterial killing Imaxy, 0.992 0.999 0.999 0.999

by signal molecules

Parameters for receptor occupancy and
bacterial killing
Fraction of receptors not occupied by ECs, 0.537¢/¢ 0.526 (9.2) 0.316 0.123
Mg** or Ca®", resulting in an
effective colistin concn of 50%
relative to the colistin concn in

broth
Second-order killing rate constant
Susceptible population kag liters/(mg - h) 5.72 5.63 7.88 10.4
Intermediate population ko liters/(mg - h) 0.369 0.353 0.627 0.522
Least-susceptible population kor liters/(mg - h) 210-107°3 1.91-1073 573-107% 3.12-107°

“ Fixed to the estimate reported by Meagher et al. (45).

b Parameterized as difference in VGmax.

¢ Due to the assumed inhibition of the growth rate by signal molecules, the maximum population size is approximately POP,,,. (1 — Imaxg,,).

@ This parameter is the signal molecule concentration at time zero divided by the sum of all bacteria at time zero. The signal molecule concentration has no units,
since the concentration of signal molecules was not measured.

¢ A Hill coefficient (7y) was estimated to fall between 10 and 20. The Hill coefficient was fixed to 10 in the final model to improve the stability of the estimation.

/The supplemented concentration was 0.514 mmol/liter for Mg?* and 0.624 mmol/liter for Ca®*. The sum of both molar concentrations (1.138 mmol/liter) was used
in the model.

¢ The dissociation constant was fixed to 200 wmol/liter for Mg?* and Ca?* and fixed to 0.3 wmol/liter for colistin as described in Materials and Methods. A sensitivity
analysis with up to 50-fold different dissociation constants (in either direction) for colistin or for Mg?* and Ca>* showed that the numerical value of these constants
only affected the ECs, notably.

" The standard deviation of the additive error on a log,, scale (ecpy;) Was estimated as 0.474 in NONMEM and as 0.478 in S-ADAPT.

nadir CFU counts at 8 to 12 h for PAO1 (Fig. 2), and regrowth proach was well described (7% > 0.97) by Hill-type models (Fig.
occurred for all three strains. Drug-containing plates (Fig. 3) 4). The maximal effect (Emax) decreased systematically, and
showed an increased fraction of less-susceptible cells at 2 to 16 the colistin exposure (ECs,) associated with 50% of Emax
mg/liter for the 10° CFUo at 4 to 32 mg/liter for the 10® CFUo increased systematically with increasing CFUo for all three
and at 4 to 128 mg/liter for the 10° CFUo for PAO1. The strains.

overall effect of colistin represented by the log ratio area ap- We found the following extent of killing by colistin relative
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FIG. 5. Observed versus predicted bacterial counts on log,, scale for P. aeruginosa PAO1 (based on results from NONMEM). (A) Observed
versus individual fitted CFU/ml. (B) Observations versus population predictions when all data were used for estimation. (C) Observations versus
population predictions from the internal cross-validation. Importantly, none of the observations at the respective inocula were used during
cross-validation when data at this inoculum were predicted. A log,, value of observed colony counts plotted as zero means no colony was on the

plate.

to baseline levels in the filtrate after coincubation for 0.75 or
24 h with 10°* CFU/ml. For 0.75 h of coincubation, net killing
was >5 log,, in the filtrate of the 16-mg/liter and 64-mg/liter
suspensions. For 24 h of coincubation, net killing was 5 log,,
(>5 log,,) in the filtrate of the 16-mg/liter (64-mg/liter) sus-
pension. The growth control in spent broth grew by 1.5 log,, at
4 h and 3.1 log,, at 12 h.

In the mathematical model (Fig. 1), the attenuated effect of
colistin at a high CFUo was assumed to be triggered by high
concentrations of hypothetical signal molecules. At a signal
molecule concentration much larger than the concentration
associated with 50% of maximal inhibition (ICsy) of 10%'7
(Table 1), bacterial killing of all populations by colistin could
be almost completely inhibited (Imaxy;, = 0.992). The param-
eter estimates from NONMEM (results shown in the text) and
S-ADAPT were well comparable (Table 1) and precise. Rela-
tive standard errors of all fixed effects were below 20% in
S-ADAPT (results not shown). Parameter estimates for our
two clinical strains were comparable to those for PAO1 (Table
1). In agreement with the lower MIC for the clinical isolates,
these strains had a faster 2nd-order killing rate constant for the
intermediate population (k) than PAO1 (Table 1).

Population predictions were reasonably precise and unbi-
ased (Fig. 2 and 5B). The individual fits were more precise
(Fig. 5A for PAOL1). Slopes (correlation coefficients) of ob-
served versus individual fitted log,, CFU/ml were 0.986 (r =
0.989) for URMC1 and 0.982 (r = 0.991) for URMC2. At the
10° CFUo, the predicted viable population counts showed
more killing than observed for the 4 and 8 X MIC profiles.
These two profiles primarily caused the mispredictions in pan-
els B and C of Fig. 5. Figure 5C shows predictions for the
observations that were not used during the four estimation
runs of the cross-validation. Predictions were reasonably pre-
cise and unbiased during cross-validation of the three lower
inocula. For the 10° CFUo, mispredictions were only slightly
more pronounced during cross-validation (Fig. 5C) than dur-
ing estimation of all data (panel B). The model described the

time course of killing for our two clinical strains at three CFUo
and the two literature studies (Fig. 6) well. Slopes (correlation
coefficients) of observed versus fitted log,, CFU/ml were 1.023
(r = 0.927) for the data from the work of Gunderson et al. (31)
and 1.002 (r = 0.985) for the data from the work of Li et al.
(41).

The most important model assumptions are discussed in
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FIG. 6. Fitted and observed bacterial counts versus time for one-
compartment in vitro model data from the work of Gunderson et al.
(32) (A) (lower limit of detection: log,, CFU/ml of 2.48; observations
below this reported lower limit are plotted as 0 log,, [CFU/ml]) and
time-kill data from Li et al. (42) (B) (plates with zero colonies are
plotted as zero).
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FIG. 7. Observed and individual fitted viable counts of P. aeruginosa PAO1 for various concentrations of Ca>*, Mg>*, or EDTA added to LB
broth: 2.0 mM EDTA (A), no cations and no EDTA added (B), 10 mg/liter Ca** and 5 mg/liter Mg>* (C), 20 mg/liter Ca®* and 10 mg/liter Mg**
(D), or 80 mg/liter Ca®* and 40 mg/liter Mg>" (E). Observed viable counts of zero mean no colony on the plate (using a volume of 200 pl plated

manually for samples with low viable counts).

Table 2. Models with a first-order conversion between the
susceptible, intermediate, and least-susceptible populations
were estimated, but neither significantly improved either the
objective function or the curve fits of our static time-kill data
(results not shown). Models with four instead of three popu-
lations provided no significant benefit, and models with two
populations were inadequate to describe the observations (re-
sults not shown). Estimating different Fr; and Fry values at
each CFUo yielded only a small improvement in the objec-
tive function and well-comparable estimates for Fr; and Fry
for each CFUo (results not shown). Therefore, Fr; and Fry
were assumed to be the same for all CFUo. Models with
different relative affinities of colistin relative to Mg?" and
Ca®" for the susceptible, intermediate, and least-susceptible
populations in addition to a different killing rate constant
for each population achieved only a slightly lower objective
function in S-ADAPT but did not notably improve the di-
agnostic plots. Thus, we did not implement different relative
affinities of colistin and Mg?* and Ca®" for each population
following the rule of parsimony.

It was estimated that 53.7% (EC,,) of the binding sites for
Mg?" and Ca®* were required to be unoccupied by Mg** or
Ca®" to achieve an effective colistin concentration of 50% of
the colistin concentration in broth (Fig. 1). The Hill coefficient
of this relationship was initially estimated to fall between 10
and 20, indicating cooperativity, and subsequently fixed to 10
to improve model stability. This choice did not affect curve fits.

Our three-stage hierarchical analysis showed excellent indi-
vidual curve fits at various concentrations of Ca**, Mg?*, and
EDTA (Fig. 7). All ratios of the population mean parameter
estimates from the 3-stage hierarchical analysis divided by their
prior estimates from the population PD analysis of the inocu-
lum effect data set in S-ADAPT were within 0.90 to 1.13
(average *= SD: 1.00 £ 0.056). This supported the proposed
target site model and indicated consistency between both se-
ries of experiments. Compared to LB broth without addition of
cations or EDTA (Fig. 7B), addition of cations inhibited killing
by colistin (Fig. 7C to E). Addition of 2 mM EDTA to chelate
Ca?* and Mg?" enhanced killing by colistin (Fig. 7A) but
increased the estimated growth half-life of the susceptible pop-
ulation to 48.5 min. The rate and extent of killing were very
similar for 2 mM EDTA and 20 mM EDTA (data not shown).

However, 20 mM EDTA inhibited net growth of PAO1 sub-
stantially, and therefore, these data were not included in the
modeling analysis. The sum of the free concentrations of Ca**
and Mg®" in LB broth was estimated to be small (0.06 mM).

Our simulation-estimation study assessing the proposed re-
sidual error model showed that this model was robust and
curve fits were unbiased and precise using the cutoff value of 5
colonies per plate applied in this colistin study (equivalent to
100 CFU/ml for a 50-pl plating volume). For fixed-effect pa-
rameters, bias was =0.07 for estimates on log,, scale and =4%
for all other estimates. Precision of fixed effects had a standard
deviation (SD) of <0.09 for estimates on log,, scale and a
coefficient of variation (CV) of <10% for all other estimates.
This new residual error model was more robust in NONMEM
than the Beal M3 method (6).

DISCUSSION

The increasing prevalence of Gram-negative bacteria, in-
cluding P. aeruginosa, that are resistant to almost all commer-
cially available antibiotics is a cause for significant concern (22,
40). The lack of alternative therapeutic options has forced
clinicians to use polymyxins due to their activity against these
multidrug-resistant pathogens (40, 42). Although colistin has
displayed rapid bactericidal activity against low CFUo of P.
aeruginosa, it has not yet been determined whether this profile
would also be seen against high CFUo. We therefore studied
the impact of CFUo on colistin killing activity in vitro for three
isolates of P. aeruginosa. In our study, killing by colistin was
drastically attenuated at high CFUo, and substantially higher
colistin concentrations were necessary to achieve bactericidal
activity at high CFUo (Fig. 2). Consistent with the inverted-U
concept (64), intermediate concentrations caused resistance at
24 h, whereas low or (very) high concentrations did not in-
crease the fraction of less-susceptible cells (Fig. 3).

Hancock et al. (32, 33, 63) highlighted that it is critical to
understand the mechanisms of antibiotic killing to prevent
emergence of bacterial resistance. Consequently, we devel-
oped a mathematical model that incorporates known features
of the mechanism of action of colistin (39). After displacing
Mg>* and Ca?" from their LPS binding sites, colistin disrupts
the outer and cytoplasmic membrane, and leakage of small
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TABLE 2. Overview of assumptions and supporting data for proposed model features (see Methods and Discussion for further details)

Assumption

Justification and supporting data

1. There are three preexisting subpopulations (two subpopulations

at low inocula) with different susceptibilities to colistin. ..........c.c..c......

2. P. aeruginosa displays a first-order growth at low bacterial densities,

and the rate of growth becomes saturable at high bacterial

........................ Killing by colistin is extremely rapid. Periplasmic proteins

are released within 2 min of polymyxin B treatment.
After longer incubation (up to 60 min), 100% of
cytoplasmic proteins are released (12, 61). This
suggests that there were preexisting less-susceptible
cells.

concentrations. The plateau is achieved due to an equilibrium between the
saturable rate of growth and a first-order natural death rate constant. ...................... At high bacterial concentrations, bacterial growth is

3. Bacteria reside in a lag compartment to describe the

short lag time of GroWth. ......ccevieieiririeiricc e

4. Divalent cations such as Ca®* and Mg?" can competitively inhibit

Killing by COLSTIN. ....cviiiiiiiiciieer e

S. The rate of killing of P. aeruginosa by colistin can be described by a
2Nd-0TdET PIOCESS. ..vuveiiiiiiiiiiieiri et

6. All viable P. aeruginosa cells synthesize and release freely

diffusible signal MOIECUIES. .......c.oveurerieirireriririer e

7. High signal molecule concentrations were assumed to inhibit
the rate of killing by colistin and the rate of growth.

slower due to a shortage of nutrients.
The same saturable growth function was employed by
Meagher et al. (45).

........................ A short lag time of bacteria that have not yet achieved

log growth phase has been previously described and
implemented (66). A growth lag time of the
intermediate and resistant subpopulations was ignored
to keep the model simpler, since these subpopulations
would not grow much during the 1- to 2-h lag phase.

........................ This competitive interaction has been previously

described for polymyxins by several groups (48, 55, 56).
We used dissociation constants for Ca®*, Mg?*, and
colistin reported by Schindler and Osborn (55) for LPS
extracted from S. Typhimurium.

A sensitivity analysis of our model showed that the exact
ratio of dissociation constants for Ca®>* and Mg?>*
compared to colistin had a minimal impact on
parameter estimates and curve fits (see Table 1). The
target site model was also supported by the prospective
“validation” shown in Fig. 7.

........................ The rate of killing by colistin showed essentially no

saturation at high colistin concentrations. A 2nd-order
killing process described the observed viable counts
well.

........................ Freely diffusible signal molecules that are associated with

quorum sensing have been previously described for P.
aeruginosa (57).

Changes in the outer membrane of P. aeruginosa in

response to signal molecule concentrations were
described previously (36, 49, 51)

Signal molecules were shown to inhibit the rate of growth
of P. aeruginosa (18), and this model feature was
previously incorporated in a mathematical model (9).

intracellular molecules and bacterial killing are observed
within less than 2 min (39, 48, 56, 61). The proposed model
(Fig. 1 and Table 2) incorporates the competitive interaction of
colistin with Mg®" and Ca*" as a first step of colistin action.
After colistin sufficiently destabilized the outer membrane by
increasing the fraction of receptors not occupied by Mg** or
Ca®* to 53.7% (ECs,), colistin reached its target site and
caused killing. The assumed relative affinity for LPS binding
sites was 670-fold higher for colistin than for Mg®" and Ca*"
(55), which is consistent with the literature as it relates to P.
aeruginosa (13, 43, 48). All model parameters except ECs,
were essentially unaffected in a sensitivity analysis (in S-
ADAPT) that varied the dissociation constants for colistin and
Mg** and Ca®" up to 50-fold in either direction. In agreement

with data in the literature (43, 48), the (estimated) Hill coef-
ficient of 10 suggests cooperativity in loss of membrane integ-
rity after sufficient displacement of Ca®" and Mg".

A prospective experimental validation (Fig. 7) coupled with
a three-stage hierarchical analysis supported the proposed tar-
get site model (Fig. 1B). To our knowledge, this analysis for a
mechanism-based model is the first application of a three-stage
hierarchical population PD analysis in antibacterial PD. This
method is very helpful for borrowing results from other studies
in the literature and using these results as prior information
with uncertainty.

The mathematical model developed in this study incorpo-
rates a second-order killing function and three preexisting pop-
ulations with different susceptibilities to colistin. This charac-
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terization of colistin PD is in agreement with the rapid,
concentration-dependent killing of P. aeruginosa by colistin
and with the regrowth of resistant cells (4, 8, 31, 41). At high
colistin concentrations against low CFUo, 99.9% Kkilling was
achieved within 15 min and undetectable levels were main-
tained until 24 h. The descriptive log ratio area method yielded
a robust measure for the average drug effect and indicated a
systematic trend toward less killing at high CFUo (Fig. 4).

Our mathematical model could describe the time course of
killing and regrowth for a range of CFUo (Fig. 2 and Fig. 5).
Initially, the slower killing at high CFUo compared to low
CFUo was modeled as different second-order killing rate con-
stants for each population at each CFUo. In this descriptive
analysis for strain PAOI, the killing rate constant of the sus-
ceptible population was approximately 23-fold (6-fold) smaller
for the 10° (10%) CFUo than for the 10° CFUo.

Subsequently, the inoculum effect was described as a phe-
notypic change of bacterial cells. Potential reasons for the
inhibition of killing by colistin are a decreased negative charge
of LPS and changes in the hydrophobic side chain in the outer
membrane of P. aeruginosa in response to cells sensing their
environment (14, 36, 49, 51). Parameter estimates from
NONMEM and S-ADAPT using notably different estimation
algorithms were well comparable (Table 1). The model de-
scribed the killing by colistin well for clinical strains URMC1
and URMC2 (Fig. 2B and 2C) and for two literature data sets
(Fig. 6). The proposed mechanism-based model incorporates
certain features of the mode of action of colistin, can predict
the time course of bacterial killing by colistin over a wide range
of CFUo, and can be extended to describe killing by combina-
tions of antibiotics. The new proposed residual error model
was very robust, yielded unbiased and precise estimates in a
simulation-estimation study with a simplified PD model, and
could account for plates with zero colonies during estimation
and for the Poisson error at low viable counts.

Our model is largely simplified, since it contains only one
compartment for hypothetical, unmeasured signal molecules
that were assumed to cause the phenotypic changes of cells
leading to a slower Kkilling by colistin (Table 2). Several
signal molecules are known to be involved in cell-to-cell
communication (quorum sensing) of P. aeruginosa (20, 57)
and to cause a delayed onset of expression of quorum-
induced genes (57, 58). The proposed model can account for
this delay and had a good predictive performance for inter-
polation (when leaving out data of the 10° or 10° CFUo0) and
extrapolation (when leaving out data of the 10* or 10°
CFUo) between CFUo (Fig. 5C). Further studies are
needed to assess the influence of antibiotics on bacterial
signaling, gene expression, proteomics, and bacterial physi-
ology at high and low CFUo in vitro and in vivo.

A potential reason for the inoculum effect of colistin might
arise from its antiendotoxin activity in neutralizing bacterial
LPS (26, 29, 72). Colistin forms mixed monolayers with phos-
pholipids and is incorporated in micelles in vitro (46). “Bind-
ing” of colistin to LPS fragments of killed bacteria might de-
crease the free colistin concentration in vitro and contribute to
the inoculum effect. Our coincubation experiments with colis-
tin added to a CFUo of 10°* CFU/ml for 0.75 or 24 h suggest
that binding to LPS or other molecules in spent broth was not
the major reason for the inoculum effect in our study. This

ANTIMICROB. AGENTS CHEMOTHER.

coincubation experiment and the slow killing with late nadir
CFU counts at 8 to 12 h for PAO1 suggested that a phenotypic
change of bacterial cells is the most likely reason for the inoc-
ulum effect in our in vitro experiments.

Davis (17) found no inoculum effect for colistin at the two
lower dose levels in mouse protection tests with P. aeruginosa,
whereas the mean effective dose increased approximately 16-
fold for gentamicin or tobramycin with a 100-fold increase in
CFUo. Since there was no washout of signal molecules or other
substances, a time-kill experiment as in our study may overes-
timate the inoculum effect in vivo. However, several animal
infection model studies showed the significance of the inocu-
lum effect in vivo (25, 38, 47, 60). It is important to note that
the clinical relevance of the inoculum effect has rarely been
demonstrated, and numerous factors, such as host defense and
severity of infection, greatly influence antimicrobial effect and
treatment success in patients.

Based on our in vitro time-kill data, our mathematical model
predicted (results not shown) that colistin regimens with a
large colistin exposure during the first approximately 12 h may
be able to achieve enough net killing that the immune system
can eradicate the remaining colistin-resistant cells. Further in
vitro and animal studies are required to substantiate this model
prediction.

Our study has potential limitations. First, the mathemat-
ical model of the present study was developed based on data
from static time-kill experiments. Our in vitro model also
does not account for the complex protein binding of colistin
in vivo (23). Second, our study was not designed to assess the
mechanism(s) of colistin resistance. To build mathematical
models for the time course of colistin resistance, hollow-
fiber infection models determining the viable counts of the
total and resistant subpopulation(s) and resistance mecha-
nisms will need to be studied for clinically relevant colistin
dosage regimens over approximately 10 to 14 days. Finally,
other potential limitations of our study are that the resistant
subpopulation(s) might have been growing faster in LB
broth, which is richer in nutrients than many infection sites
in vivo, and that colistin concentrations were not directly
measured. However, time-kill experiments in spent broth
after coincubating colistin and a high CFUo of PAOI1 sug-
gested that drug degradation was not the primary reason for
the inoculum effect of colistin in our study.

In summary, the extent and rate of killing of PAO1 and two
clinical P. aeruginosa isolates by colistin were markedly inhib-
ited at high CFUo compared to low CFUo. Killing of PAO1
was approximately 23-fold (6-fold) slower for the 10° (10%)
CFUo than for the 10° CFUo. The proposed mechanism-based
mathematical model described bacterial growth and killing of
three P. aeruginosa strains across a range of CFUo well, had a
good predictive performances for all studied CFUo, and could
well describe data from two additional clinical strains from the
literature. A prospective experimental “validation” using dif-
ferent concentrations of Ca®" and Mg?" in combination with
a three-stage hierarchical population PD analysis supported
the proposed target site model. The proposed mathematical
model should be further validated using dynamic in vitro mod-
els with colistin in mono- and combination therapy. Overall,
this study emphasizes the potential need for higher colistin
exposure or combination regimens to treat deep-seated, diffi-
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cult-to-treat infections with high CFUo. Further animal studies
are warranted to assess the toxicity and inoculum effect of
colistin in vivo.
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