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ABSTRACT Ampbhotericin B deoxycholate (DAmB) is a first-line agent for the initial
treatment of talaromycosis. However, little is known about the population pharmacoki-
netics and pharmacodynamics of DAmB for talaromycosis. Pharmacokinetic data were
obtained from 78 patients; among them, 55 patients had serial fungal CFU counts in
blood also available for analysis. A population pharmacokinetic-pharmacodynamic model
was fitted to the data. The relationships between the area under the concentration-time
curve (AUC)/MIC and the time to blood culture sterilization and the time to death were
investigated. There was only modest pharmacokinetic variability in the average AUC,
with a mean = standard deviation of 11.51 = 3.39 mg-h/liter. The maximal rate of drug-
induced kill was 0.133 log,, CFU/ml/h, and the plasma concentration of the DAmMB that
induced the half-maximal rate of kill was 0.02 mg/liter. Fifty percent of patients sterilized
their bloodstreams by 83.16 h (range, 13 to 264 h). A higher initial fungal burden was as-
sociated with a longer time to sterilization (hazard ratio [HR], 0.51; 95% confidence inter-
val [Cl], 0.36 to 0.70; P <0.001). There was a weak relationship between AUC/MIC and
the time to sterilization, although this did not reach statistical significance (HR, 1.03; 95%
Cl, 1.00 to 1.06, P =0.091). Furthermore, there was no relationship between the AUC/
MIC and time to death (HR, 0.97; 95% Cl, 0.88 to 1.08; P = 0.607) or early fungicidal ac-
tivity {slope = log[(0.500 — 0.003-(AUC/MIC)]; P = 0.319} adjusted for the initial fungal
burden. The population pharmacokinetics of DAmMB are surprisingly consistent. The time
to sterilization of the bloodstream may be a useful pharmacodynamic endpoint
for future studies. (This study has been registered at the ISRCTN registry under
no. ISRCTN59144167.)

KEYWORDS PK-PD, Talaromyces, amphotericin, antifungal, Penicillium,
pharmacodynamics, population pharmacokinetics, talaromycosis

alaromyces (formerly Penicillium) marneffei is a thermally dimorphic fungus that
causes the systemic fungal infection talaromycosis (formerly penicilliosis). The
organism is geographically restricted to South Asia, with cases being described in
Vietnam, Thailand, India, and China. The bamboo rat and soil associated with bamboo
rat burrows have been identified as animal and environmental reservoirs for T. marnef-
fei, respectively (1). Human infection is most commonly presumed to be via inhalation
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TABLE 1 Clinical characteristics of PK patients and PK-PD patients?

Values for:
Characteristic PK patients (n = 78) PK and PD patients (n = 55)
No. of male patients/total no. of patients (%) 53/78 (67.9) 37/55 (67.2)
Median (IQR) age (yr) 32 (27-37) 31 (28-37)
Median (IQR) wt (kg) 45 (39-45) 44 (38-50)
Median (IQR) CD4+ T cell count (cells/mm3) 7 (4-14) 9 (4-15)
Median (IQR) creatinine concn (wmol/liter) 62 (52-80) 63 (54-81)
No. of patients with a blood culture positive for T. marneffei/total no. of patients (%) 57/78 (73.1) 55/55 (100)
Median (IQR) baseline fungal count (log,, CFU/mI) in blood culture-positive patients 2.53 (1.40-3.40) 2.53 (1.40-3.40)

aPK, pharmacokinetics; PD, pharmacodynamics.

of conidia in the environment (2). The majority of patients with talaromycosis have
advanced HIV infection, but talaromycosis is emerging in other immunosuppressed
populations (3). Disseminated disease is the most common form, with involvement of the
skin, lungs, liver, spleen, lymph nodes, bone marrow, and bloodstream being characteristic
(4). The rate of mortality is high and ranges from 11.3% to 29.4% at 6 months, despite the
use of modern antifungal chemotherapy and supportive care (3, 5).

Amphotericin B deoxycholate (DAmB) is a highly potent and effective antifungal
agent and is on the World Health Organisation’s list of essential medicines (http://www
.who.int/medicines/publications/essentialmedicines/en/). This compound is widely
used for induction therapy for cryptococcal meningoencephalitis (6) and has recently
been demonstrated to be superior to itraconazole for the initial treatment of talaro-
mycosis (5). There have been extensive studies that have examined the optimal dosage
for invasive fungal infections caused by both yeasts and molds. Maximal antifungal
activity is generally achieved with a dosage of 0.7 to 1 mg/kg of body weight/day (5),
with no consistent evidence that dosages of >1 mg/kg/day result in better clinical
outcomes for invasive fungal diseases. The toxicity of DAmB is well documented and in
some circumstances is linked to suboptimal clinical outcomes (7, 8). Hence, there is a
balance to strike between maximizing antifungal efficacy and minimizing drug-related
toxicity.

Herein, we describe the population pharmacokinetics (PK) and pharmacodynamics
(PD) of DAmB for patients with talaromycosis. These analyses were performed as a
substudy of a recently published clinical trial that compared DAmB to itraconazole as
induction therapy for talaromycosis (5). The data set was unique in that there were rich
pharmacokinetic and pharmacodynamic data, as well as detailed information on clinical
outcomes. An assessment of population pharmacodynamics was made possible by
quantitation of the fungal counts within the bloodstream and an assessment of early
fungicidal activity in a manner similar to that used for cryptococcal meningitis. The
ability to explicitly link pharmacokinetics with real-time pharmacodynamic endpoints
opens a multitude of opportunities for the optimization of antifungal regimens, the
individualization of antifungal therapy, and the accelerated development of new
antifungal agents for talaromycosis.

RESULTS

Study population. The details about the 78 patients in this substudy are shown in
Table 1. The mean age of the patients was 32 years (interquartile range [IQR], 27 to 37
years). All patients had advanced HIV infection with a median CD4 count of 7 cells per
microliter (IQR, 4 to 14 cells per microliter). Sixty-eight percent of the patients were
male. Patients were recruited between October 2012 and December 2015 from the
Hospital for Tropical Diseases in Ho Chi Minh City, Vietnam. All patients had dissemi-
nated disease, with Talaromyces marneffei being isolated from blood, skin lesions,
lymph nodes, and/or serous fluid.

MICs. MICs were determined using the M27-A3 reference methodology of the
Clinical and Laboratory Standards Institute (CLSI) (9). The cumulative percentage of
patient isolates for which MICs were 0.25, 0.5, and 1 mg/liter were 74, 79.6, and 100,

February 2019 Volume 63 Issue 2 e01739-18 aac.asm.org 2


http://www.who.int/medicines/publications/essentialmedicines/en/
http://www.who.int/medicines/publications/essentialmedicines/en/
https://aac.asm.org

PK-PD of Amphotericin B Deoxycholate for Talaromycosis

TABLE 2 Parameter values for the base pharmacokinetic model

Parameter (units)? Mean Median Standard deviation
SCL (liters/h) 2.485 2.575 1.055

V. (liters) 28.258 29.568 16.009

Kep (h=1) 7.147 0.530 11.544

Kpc (h=) 2.846 0.131 6.555

IC1 (mg) 3.071 2.974 1.930

1C2 (mg) 19.638 10.967 17.705

aSCL, clearance from the central compartment; V., volume of the central compartment; Kcp and Kpc, first-
order intercompartmental rate constants; IC1 and IC2, initial amounts of amphotericin B in the central and
peripheral compartments, respectively.

respectively. Of the 55 patients in the pharmacokinetic-pharmacodynamic study, the
MIC was not determined for the strain from 1 patient because it could not be
resurrected from the frozen stock. Hence, the total number of strains was 54. There
were 57 patients who had at least one isolate available for susceptibility testing, and the
modal MIC value for these strains was 0.5 mg/liter (range, 0.25 to 1 mg/liter).

Population pharmacokinetic modeling. The base pharmacokinetic model fitted
the data reasonably well, although there was a degree of bias both before and after the
Bayesian step (data not shown). The parameter values for the base model are summa-
rized in Table 2. There was a statistically significant relationship between weight and
clearance, which provided the impetus to develop an expanded model that included
the impact of weight on clearance. The expanded model resulted in less bias, better
precision, and a statistically more likely result (as assessed using twice the difference in
log likelihood values assessed against a chi-square distribution, P = 0.001). Further-
more, the coefficient of determination for the linear regression of observed-predicted
values was improved, as were the estimates for the intercept (closer to zero) and slope
(closer to 1) for the linear regression of the observed-predicted values. The parameter
values for the final model are summarized in Table 3, and the observed-predicted
values for the plasma concentrations of DAmMB are shown in Fig. 1A.

The distribution of the average areas under the concentration-time curves (AUCs) for
the 78 patients is shown in Fig. 2. The mean = standard deviation for the average AUC
from 0 to 24 h (AUC,_,,) for patients receiving DAmB at 0.7 mg/kg/day was 11.84 =
3.54 mg-h/liter, and the median was 11.16 mg-h/liter.

Population pharmacodynamic modeling. The pharmacodynamics from 55 pa-
tients receiving DAmB with serial quantitative counts in the bloodstream were inves-
tigated using several pharmacodynamic structural models. A two-step process was
used, where the pharmacokinetics (described above) were solved and the Bayesian
estimates for each patient’s pharmacokinetic values were fixed. A pharmacodynamic
model that described monophasic fungal killing in the bloodstream was used. For those
patients with relatively rich pharmacodynamic data, it was clear that killing was
monophasic until extinction (i.e., sterilization of the bloodstream) occurred or the
counts dropped beneath a limit of detection. The parameter estimates from the

TABLE 3 Parameter values for the final pharmacokinetic model for amphotericin B
deoxycholate

Parameter? Mean Median SD
Intercept (liters/h) 0.320 0.069 0.430
Slope 0.048 0.049 0.018
V. (liters) 23.907 22.650 13.836
Kep (h=1) 8.996 1.001 12.812
Kpc (h=) 4237 0.184 8.003
IC1 (mg) 2.665 2213 2.044
1C2 (mg) 16.059 8.061 19.355

aClearance has been parameterized as intercept (in liters per hour) + slope (in liters per hour per
kilogram)-weight (in kilograms). V. (in liters), volume of the central compartment; Kcp and Kpc, first-order
intercompartmental rate constants; IC1 and 1C2, the amounts of amphotericin B at the time of initiation of
amphotericin B in the central and peripheral compartments, respectively.
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FIG 1 Observed-predicted values for the pharmacokinetic and pharmacodynamic models. The Bayesian
posterior (i.e., individual predicted) values are shown in both panels. (A) Observed-predicted values for
plasma concentrations of amphotericin B deoxycholate; (B) observed-predicted values for the fungal
density in blood.

population model are summarized in Table 4. In the majority of cases (48 out of 55
patients), there was rapid sterilization of the bloodstream, but in 7 patients there was
persistent fungemia. The mean time to sterilization of the bloodstream was 83.16 h
(range, 13 to 264 h) (Fig. 3). The model-predicted fungicidal activity of DAmB for the 55
patients superimposed on each patient’s data is shown in Fig. 3.

Drug exposure versus probability of toxicity. A total of 78 patients had pharma-
cokinetic data that were used to estimate the average AUC using a population
pharmacokinetic approach. There was no relationship between the average AUC, the
time to death, and other drug-related toxicities that are characteristic of DAmB over the
14 days of DAmB treatment. These included death (odds ratio [OR], 0.928; 95% confi-
dence interval [Cl], 0.74 to 1.16; P = 0.52), renal impairment (OR, 1.113; 95% Cl, 0.894 to
1.385; P =0.337), anemia (OR, 1.097; 95% Cl, 0.959 to 1.254; P =0.18), hypomag-
nesemia (OR, 1.126; 95% Cl, 0.974 to 1.302; P = 0.110), and hypokalemia (OR, 0.878; 95%
Cl, 0.748 to 1.03; P =0.110).

Relationship between AUC/MIC and time to sterilization of the bloodstream. A
Kaplan-Meir plot of the time to sterilization of the bloodstream is shown in Fig. 3. A
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FIG 2 Histogram of the distribution of the average AUC, _,, for the 78 patients in the pharmacokinetic
study (calculated as the entire AUC over the treatment course divided by the number of days of

treatment). The mean = standard deviation AUC was 11.84 = 3.54 mg-h/liter, and the median AUC was
11.16 mg-h/liter.

total of 48 of 55 patients achieved sterilization of the bloodstream. A small number of
patients had persistent fungemia, despite seemingly adequate drug exposure. The only
variable that had an influence on the time to sterilization was the initial fungal burden
(P < 0.001). Following adjustment for the initial fungal burden, there was a weak
relationship between AUC/MIC and the time to sterilization, although this did not reach
statistical significance (hazard ratio [HR], 1.03; 95% Cl, 1.00 to 1.06; P = 0.09). There was
no relationship between drug exposure (AUC/MIC) and the rate of decline of quanti-
tative counts in the bloodstream (early fungicidal activity) {slope = log[(0.501 —
0.003-(AUC/MIC)]; P =0.319} or the time to death (HR, 0.97; 95% Cl, 0.88 to 1.08;
P = 0.61). These relationships are summarized in Fig. 4.

DISCUSSION

Our recent clinical trial reported that 73% of patients with disseminated talaromy-
cosis were fungemic at presentation and that the involvement of multiple body sites
was common (5). The fungemia provides an opportunity to describe the pharmacody-
namics of DAmB and a potential way to assess new antifungal agents for this important
fungal disease.

The estimates of the population PK parameters for DAmB in a previously conducted
study are similar to those described in this study (10). Both studies used total rather
than free concentrations of drug because of the complex binding properties of AmB.
The coefficient of variation (CV) of the AUC for DAmB was recently estimated to be 44%
for Vietnamese and Ugandan patients with cryptococcal meningitis (10). Similarly, in
the current study, the average AUC varied by only 4- to 5-fold in patients receiving
0.7 mg/kg/day, which is remarkable for a group of patients who were otherwise
heterogeneous in terms of fungal burden, iliness severity, and extent of disease. The

TABLE 4 Parameter values for the final pharmacodynamic model for amphotericin B
deoxycholate against Talaromyces marneffei

Parameter? Mean Median SD
Kkill ..« (no. of log,, CFU/ml/h) 0.133 0.118 0.096

H 13.815 15.447 5.964
C50k (mg/liter) 0.016 0.010 0.016

IC (no. of CFU/ml) 4,318.564 733.770 7,560.737

9The model parameters are as follows: Kkill,,, is the maximum rate of drug-induced killing of Talaromyces
marneffei; H is the slope function (no units); C50k is the plasma concentration of amphotericin that induces
the half-maximal rate of killing and IC is the estimated fungal density at the time of treatment initiation.
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FIG 3 (A) Kaplan-Meier plot of the time to sterilization. (B) Time course of the reduction of the fungal
burden for each of the 55 patients in the pharmacokinetic-pharmacodynamic study. The open triangles

represent data points from individual patients, and the solid lines are the model estimates for each of the
55 individual patients.

lack of variability in weight may partly contribute to the invariant drug exposure.
Nevertheless, the PK of DAmB appear to be significantly less variable than those of
other antifungal agents and classes, where significant variability in drug exposure is
common. For example, the serum concentrations of voriconazole vary by 100-fold in
healthy volunteers, and the variability is even greater in severely ill patients (11).
There was no statistically significant relationship between the AUC/MIC and the time
to sterilization of the bloodstream (HR, 1.03; 95% Cl, 1.00 to 1.06; P = 0.09). Perhaps a
relationship would have been apparent with a larger number of patients. The majority
of patients cleared their fungemia relatively quickly, with a median clearance time of
83.16 h (Fig. 3). Seven of 55 patients with positive blood cultures at the baseline had
persistently positive blood cultures after 200 h of treatment, but this was not related to
suboptimal drug exposure or reduced susceptibility to DAmB. The absence of any
statistically significant link between drug exposure and various pharmacodynamic
endpoints (i.e., various measures of drug-related toxicity, time to sterilization of blood
cultures, early fungicidal activity, and time to death) is probably due to the induction
of a nearly maximal antifungal effect in the majority of patients, the relatively tight
variance structure around drug exposure (AUC), and a very narrow range of MICs of

February 2019 Volume 63 Issue 2 e01739-18

Antimicrobial Agents and Chemotherapy

aac.asm.org 6


https://aac.asm.org

PK-PD of Amphotericin B Deoxycholate for Talaromycosis

8 - Time to sterilization
Re]
%6
o
e
< 4
N
©
o
2 /

1 1T T T T 1
0 10 20 30 40 50 60

AUC:MIC
15 Time to death
il
E10
°
©
S
TS
e <N
0 —
I I I I I I I
0 10 20 30 40 50 60
AUC:MIC
C—O.S Early fungicidal activity
v
Q
o \
wn _
<10
]
S
ks
&-15 -
2.0

I I I I I I I

0 10 20 30 40 50 60
AUC:MIC

FIG 4 Predictions from the statistical models fitted to the pharmacodynamic data. (A) Cox model of
AUC/MIC versus time to sterilization adjusted for the initial fungal burden. The change in the hazard ratio
with AUC/MIC was estimated for the median initial fungal burden of 2.5 log,, CFU/ml. The hazard ratio
adjusted for the initial fungal burden was 1.03 (95% Cl, 1.00 to 1.06; P = 0.091). (B) Cox model of AUC/MIC
versus time to death for the median initial fungal burden of 2.5 log,, CFU/ml. The hazard ratio adjusted
for the initial fungal burden was 0.97 (95% Cl, 0.88 to 1.08; P = 0.607). (C) Relationship between AUC/MIC
and early fungicidal activity for the median initial fungal burden of 2.5 log,, CFU/ml such that the slope
was equal to log[(0.500 — 0.003-(AUC/MIC)]. A one-unit increase in AUC/MIC decreases the exp(slope) by
0.003 units (0.3%) (95% Cl, —0.008 to 0.003).

DAmB, which only ranged from 0.25 to 1 mg/liter (i.e., 2 doubling dilutions). In addition,
there are inherent limitations of all the endpoints used in this study that may com-
promise the ability to resolve relevant PK-PD relationships. For example, mortality may
be influenced by not only drug exposure but also comorbidities, multiorgan involve-
ment, and the infectious burden.

The rate of decline of the fungal burden has been used extensively in phase I
studies for cryptococcal meningitis (see, for example, reference 12). This has enabled
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the effect of a range of antifungal agents, regimens, and combinations to be assessed
efficiently to facilitate the selection of candidate regimens before commencing late-
staged clinical trials powered using mortality as a primary endpoint. Such trials typically
require large sample sizes and extensive resources to conduct. The rate of decline of
fungal density in the bloodstream was a secondary endpoint in our original clinical trial
(5). The early fungicidal activity of DAmB was 4-fold faster than that observed for
patients receiving itraconazole. In the current study, the time to sterilization of the
bloodstream and mortality were also considered pharmacodynamic endpoints. Each of
these three pharmacodynamic measures potentially provides complementary informa-
tion, and none provides complete insight into the antifungal activity of DAmB in
isolation.

The pharmacodynamics were challenging to describe and model. The usual ap-
proach to modeling such data is to consider both fungal growth and drug-induced
fungal killing. In the current study, data on unrestrained fungal growth could not be
collected and estimated because it is unethical to withhold treatment. Hence, only
fungal killing was modeled, with the initial fungal burden being estimated as part of the
fitting process. The decline in fungal burden was monoexponential, and the use of this
function described the observed data well. There were some difficulties in modeling
fungal counts that were zero because of uncertainty about whether this represented
true sterilization or a fungal burden beneath a limit of detection. The spline fitted to the
pooled pharmacodynamic data from all patients in the original publication gives the
impression of a biphasic response with a rapid and slower phase of fungal killing (5).
Plotting the decline of the fungal burden patient by patient suggests that the majority
of patients (87%) have a rapid monoexponential decline and that the biphasic appear-
ance is produced by a relatively small subset of patients that are slow to clear the fungi
from their bloodstream. There was no hint of the emergence of drug resistance or the
presence of a persistent (tolerant) subpopulation, although the latter was not formally
examined.

This study is the first detailed pharmacokinetic-pharmacodynamic study of the
antifungal treatment of talaromycosis and one of few that has described the population
pharmacokinetics of DAmB. The insight that an early biomarker, such as the decline in
the fungal burden in the bloodstream, may be used to assess the response to
antifungal therapy is reminiscent of the similar use of galactomannan and the fungal
burden for invasive aspergillosis and cryptococcal meningitis, respectively (13, 14). This
biomarker could be exploited for clinical trials of new therapeutic approaches for
talaromycosis, especially for phase Il studies. Future studies could also examine the
performance of other biomarkers, such as galactomannan and PCR, that may be useful
for following the response to antifungal therapy. These biomarkers may circumvent
some of the inherent imprecision in using the time to sterilization as an endpoint that
results from intermittent sampling and the use of relatively small sample volumes to
recover viable fungal propagules.

While DAmB has been shown to be a better agent than itraconazole for induction
therapy of talaromycosis, a dose of 0.7 mg/kg/day also incurs significant toxicity. In the
original clinical study, there were at least 25% of patients with grade Ill or greater
adverse events that included infusional toxicity, azotemia, and electrolyte disturbances
(5). Hence, innovative induction regimens with existing antifungal agents (e.g., combi-
nation antifungal therapy, abbreviated regimens) or the potential use of newer anti-
fungal agents (e.g., F901318 [F2G, Eccles, UK], APX001 [Amplyx, San Diego, CA, USA])
should be studied. The use of serial quantitative counts provides a way of derisking
such studies and rapidly identifying regimens that are associated with maximal anti-
fungal activity for talaromycosis.

MATERIALS AND METHODS

Clinical study. This pharmacokinetic-pharmacodynamic study was a substudy of a multicenter
prospective randomized clinical trial that compared mortality and the clinical response to amphotericin
B (0.7 mg/kg/day) and itraconazole at 200 mg every 12 h for induction therapy of HIV-associated
talaromycosis (Itraconazole versus Amphotericin B for Talaromycosis [IVAP] trial). The trial protocol and
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results are published elsewhere (5). Briefly, patients >18 years of age were eligible for the study if they
had evidence of HIV infection and culture-confirmed talaromycosis. Patients were excluded if they had
central nervous system infection, had a positive urine pregnancy test, had liver transaminase levels of
>400 U/liter, had absolute neutrophil counts of <500 cells/mm3, had a creatinine clearance of <30 ml/
min, were taking a medication that may interact with itraconazole (e.g., rifampin), or had received
antifungal therapy for >48 h. All patients who were enrolled into the IVAP trial at the Hospital for Tropical
Diseases in Ho Chi Minh City were invited to participate in this pharmacokinetic-pharmacodynamic
substudy. The substudy was approved by the ethics committees at the Hospital for Tropical Diseases, by
the Oxford University Tropical Research Ethics Committee, and by the Vietnam Ministry of Health. The
clinical trial registration number was ISRCTN59144167.

In vitro suceptibility testing. The MICs of amphotericin B (AmB) against T. marneffei were deter-
mined using the CLSI standardized M27-A3 methodology for yeasts (9). Briefly, a T. marneffei suspension
was made in RPMI 1640 medium (Sigma, USA) to achieve the desired final inoculum size of 0.5 X 103 to
2.5 X 103 cells/ml. Candida krusei ATCC 6528 and Candida parasilopsis ATCC 22019 were used as the
reference strains. The stock solution of DAmB (Sigma, USA) was prepared from a standard powder by
dissolving it in 100% dimethyl sulfoxide (DMSO; Sigma, USA) and was serially 2-fold diluted in RPMI 1640
medium. Final drug concentrations ranged from 0.03 to 16 ug/ml. Drug solutions were inoculated onto
96-well microplates (Corning, USA) at 100 wl, followed by addition of 100 ul of the T. marneffei
suspension for a final volume in each well of 200 wl. The microplates were then incubated at 37°C for 72
h. The MIC for DAmB was defined as the lowest concentration with no visible growth. All assays were
performed in triplicate.

Pharmacokinetic and pharmacodynamic studies and sampling. Of the 86 patients that were
randomized to receive DAmB at the Hospital for Tropical Diseases in the IVAP trial, 78 patients agreed
to participate in the pharmacokinetic-pharmacodynamic substudy.

For pharmacokinetic sampling, a total of 2 ml of blood was collected and immediately placed on ice
before being centrifuged at 2,000 rpm for 15 min. Heparized plasma was obtained and then frozen at
—80°C until analysis. Samples were processed within 30 min of blood collection. Drug was extracted on
site in Ho Chi Minh City (see below), before being shipped to the University of Liverpool for analysis.
Samples mixed with acetonitrile were plated onto Sabouraud agar to confirm sterility in three indepen-
dently conducted experiments that were conducted at the Oxford University Clinical Research Unit
(OCCRU) in Ho Chi Minh City (data not shown).

For pharmacodynamic sampling, blood was collected for quantitative cultures daily for the first
4 days and then every other day thereafter over the first 14 days until the cultures turned negative. A
total of 100 wl of blood was serially diluted 10-fold and then plated onto Sabouraud dextrose agar. The
plates were incubated at 37°C for CFU quantification.

Bioanalytical methodology. Amphotericin B concentrations in plasma were measured using high-
performance liquid chromatography (HPLC) with a Shimadzu Prominence HPLC system (Shimadzu,
Milton Keynes, UK). Amphotericin B was extracted by protein precipitation. A total of 300 ul of methanol
that contained piroxicam at 2 mg/liter (Sigma-Aldrich, Dorset, UK) as the internal standard was added to
100 wl of matrix. Samples were vortexed for 5s and then centrifuged at 13,000 X g for 3 min.

One hundred fifty microliters of supernatant was removed and placed in a 96-well plate, to which 50
wul of water was added. A 50-ul aliquot was injected onto a Kinetex 5-um-particle-size XB-C,g liquid
chromatography column (Phenomenex, Macclesfield, UK). Chromatographic separation was achieved
using a gradient with the starting conditions of 75% mobile phase A and 25% mobile phase B (0.1%
formic acid in water as mobile phase A and 0.1% formic acid in acetonitrile as mobile phase B). Mobile
phase B was increased to 80% over 5 min and then reduced to the starting conditions for 2 min of
equilibration. Amphotericin B and the internal standard were detected using UV detection at wave-
lengths of 406 nm and 385 nm, respectively; they eluted after 4.1 and 4.6 min, respectively.

The standard curve for amphotericin B encompassed a concentration range of 0.05 to 8.0 mg/liter
and was constructed using a blank matrix. The limit of quantitation was 0.05 mg/liter. The coefficient of
variation was <9.3% over the concentration range of 0.05 to 8 mg/liter. The intra- and interday variation
was <7.9%.

Population pharmacokinetic modeling. A population methodology was used for all fitting, and the
population pharmacokinetic program Pmetrics was used for this purpose (15). As previously described
(16), a two-step process was used, whereby the population pharmacokinetics of DAmB were estimated
before solving the population pharmacodynamics. This approach was used to provide stability for the
estimation of the pharmacodynamics.

For the population pharmacokinetic model, a standard 2-compartment base model that consisted of
central and peripheral compartments was used. There was time-limited zero-order input (infusion) of
DAmB into the central compartment (i.e., bloodstream) with first-order clearance of drug from the central
compartment. The central and peripheral compartments were connected by two first-order intercom-
partmental rate constants that described the transfer of mass back and forth between the two
compartments (Kcp and Kpc, respectively). Because some patients (15/78; 19.2%) had DAmB started
before being enrolled in the study, their initial pharmacokinetic sample showed quantifiable concentra-
tions of drug. This was handled by estimating the amount of drug (in milligrams) in the central and
peripheral compartments at the initiation of treatment. To achieve this, a switch was written, which
defaulted to zero if sampling commenced prior to drug administration. This in turn defaulted the amount
of drug in the compartments at time zero to zero.

The base model was as follows: XP(1) = R(1) — (SCL/V,) X X(1) + Kpc X X(2) and XP(2) = Kcp X X(1) —
Kcp X X(2), where XP(1) and XP(2) are the rate of change of the DAmB mass (in milligrams) in the central and
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peripheral compartments, respectively. Similarly, X(1) and X(2) represent the mass (in milligrams) of DAmB in
the central and peripheral compartments, respectively. R(1) is the infusion of DAmB; SCL is the first-order
clearance of DAmB from the central compartment, V_ is the volume of the central compartment; Kpc and Kpc
are the first-order intercompartmental rate constants. The output equation to estimate the concentration-
time profile of DAMB was given by Y(1) = X(1)/V..

The Bayesian estimates of volume and clearance were obtained and plotted against weight, which
was the only clinically relevant covariate that was available for analysis. A linear regression of clearance
versus weight was performed. Since this was statistically significant, clearance was reparametrized as
intercept + weight-slope, with the units for intercept and slope being liters per hour and liters per hour
per kilogram, respectively.

The final model was as follows: XP(1) = R(1) — [(int + slope - weight)/V.] X X(1) + Kpc X X(2) and
XP(2) = Kcp X X(1) — Kcp X X(2), where int is the intercept.

The final model was refitted to the data.

The fit of each model to the data was assessed by estimating bias and precision, a visual inspection
of the linear regression of the observed-predicted plots, both before and after the Bayesian step. Models
were distinguished by determining twice the difference in log-likelihood values following the conver-
gence of each model and comparing that value against a chi-square distribution with the suitable
number of degrees of freedom (i.e., the difference in parameter number between the respective models).

The AUC was calculated as the average AUC (i.e., the total AUC for the treatment course divided by
the number of 24-h intervals for the regimen). Such an approach was necessary because of the real-world
nature of the data, where the precise administration times for DAmB varied from patient to patient and
prevented estimates of drug exposure in convenient time intervals. The AUC was estimated using the
trapezoidal rule in Pmetrics from each patient’s posterior mean parameter estimates.

Pharmacokinetic and pharmacodynamic modeling. The Bayesian estimates for each patient’s
pharmacokinetics were obtained from the population model described above. An estimate of the
weighting functions for the pharmacodynamics was required. To achieve this, the maximum likelihood
estimator in ADAPT 5 was used. The following variance model was used: variance = [intercept +
slope X Y(l)]z.

The Bayesian posterior estimates for the pharmacokinetic parameters that had been previously
estimated from the pharmacokinetic model were fixed for each patient. The individual's pharmacody-
namic data were then entered, and the following structural model was fitted to the pharmacodynamic
data one patient at a time.

xX(1)"
N Kkill,,,,, X Ve XN
o =~ Wax ~(1\H
da @ + C50kE)

c

where dN/dt represents the rate of change of the organism in the bloodstream (where N is the number
of CFU and t is time). The pharmacodynamic parameters (Kkill,,..., C50ks,, and H, which are the maximal
rate of fungal kill, the concentration of DAmB that induces half maximal rate of killing, and the slope
function, respectively) and initial condition (the fungal density in blood just prior to the commencement
of DAmB) were estimated along with the parameters for the variance model (i.e., the intercept and slope),
as described above. The weighting estimates for each patient were then resupplied to Pmetrics to enable
the population pharmacodynamic problem to be solved. The fit of the final pharmacodynamic model to
the data was assessed in the same way as described above for the pharmacokinetics. The final
pharmacodynamic model was then used to estimate the Bayesian posterior estimates for the pharma-
codynamics. The pharmacokinetic and pharmacodynamic models enabled the link between the dose of
DAmB, the drug exposure (quantified in terms of the AUC/MIC), and the time course of antifungal activity
in the bloodstream to be determined.

Statistical modeling. Potential relationships between patients in the pharmacokinetic study who
had estimates of AUCs available and the probability of toxicity were explored using logistic regression.
Outcome measures were death at 6 months, a grade 2 rise in the creatinine concentration, grade 2
anemia, grade 2 hypomagnesemia, and grade 2 hypokalemia.

Cox proportional hazard models were fitted to determine the effect of AUC/MIC on the time to
sterilization and the time to death. Models were adjusted for initial fungal burden and took the form
D) = N(Dexp B;\?:éc + B,initial fungal burden), where \(t) is the hazard and \(z) is the baseline
hazard. B, and 3, are the coefficients for regression and exp(B) provides an estimate of the hazard ratio
(HR). The proportional hazards assumption was tested using weighted residuals for the time-dependent
effect of AUC/MIC.

To assess the relationship between AUC/MIC and the rate of decline of the fungal burden (early
fungicidal activity or slope), exp(slope) was fitted in a linear model of the form exp(slope) = B, +

AUC
Piyviic
intercept and coefficients for the regression. The exponentially transformed slope provided better model
diagnostics.

+ B, initial fungal burden + &, where & is the model error term, and 3, and 3, and B, are the
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