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Background: Neonatal candidiasis causes significant morbidity and mor-
tality in high risk infants. The micafungin dosage regimen of 10mg/kg
established for the treatment of neonatal candidiasis is based on a laboratory
animal model of neonatal hematogenous Candida meningoencephalitis and
pharmacokinetic (PK)—pharmacodynamic (PD) bridging studies. However,
little is known about the how these PK—PD data translate clinically.
Methods: Micafungin plasma concentrations from infants were used to
construct a population PK model using Pmetrics software. Bayesian poste-
rior estimates for infants with invasive candidiasis were used to evaluate the
relationship between drug exposure and mycologic response using logistic
regression.

Results: Sixty-four infants 3-119 days of age were included, of which
29 (45%) infants had invasive candidiasis. A 2-compartment PK model
fits the data well. Allometric scaling was applied to clearance and vol-
ume normalized to the mean population weight (kg). The mean (standard
deviation) estimates for clearance and volume in the central compartment
were 0.07 (0.05) L/h/1.8kg and 0.61 (0.53) L/1.8 kg, respectively. No rela-
tionship between average daily area under concentration—time curve or
average daily area under concentration—time curve:minimum inhibitory
concentration ratio and mycologic response was demonstrated (P > 0.05).
Although not statistically significant, mycologic response was numeri-
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cally higher when area under concentration—time curves were at or above
the PD target.

Conclusions: While a significant exposure-response relationship was not
found, PK-PD experiments support higher exposures of micafungin in
infants with invasive candidiasis. More patients would clarify this relation-
ship; however, low incidence deters the feasibility of these studies.

Key Words: micafungin, neonates, infants, invasive candidiasis, pharma-
cokinetics-pharmacodynamics
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isseminated candidiasis results in significant morbidity and

mortality in premature infants.' The mortality associated
with invasive candidiasis (IC) is 3 times higher than that of unin-
fected infants of similar gestational age and birth weight.* The
involvement of the central nervous system (CNS) is especially
detrimental for subsequent neurodevelopmental outcomes and
mandates meticulous attention to the selection of safe and effective
antifungal regimens.’”’

There is a large safety and efficacy database that supports
the role of micafungin for the treatment of IC in both adults and
children.®!" Micafungin has broad-spectrum anti-Candida cover-
age and a favorable safety profile.'>!* Micafungin demonstrates lin-
ear pharmacokinetics (PK); dose adjustment is not required in the
setting of renal and/or hepatic impairment; and therapeutic drug
monitoring is not required in any patient populations.'*

The pharmacodynamics (PD) of micafungin for the treat-
ment of hematogenous Candida meningoencephalitis has been
explored in a well-characterized experimental model.”> PK-PD
bridging studies suggest that a neonatal regimen of 10mg/kg is
required for effective treatment of Candida infections.'>!® These
studies were used to justify the choice of this high-dose regimen
for treatment of infants with IC. Unfortunately, however, inherent
difficulties in conducting neonatal trials and the general decrease in
the incidence of neonatal candidiasis resulted in early termination
of one of the studies after the enrollment of only 30 infants with the
primary and safety results reported elsewhere.!”

Ideally, predictions from preclinical models should be tested
clinically to prospectively validate the PK—PD relationships. Estab-
lishing preclinical-to-clinical linkages are increasingly viewed as
fundamental for the establishment of effective antimicrobial thera-
pies. In this study, we examined the clinical relevance of reach-
ing the PD target established in preclinical models. We combined
micafungin plasma concentrations from 4 neonatal clinical trials to
construct a population PK (PPK) model and then explored whether
increasing micafungin drug exposures resulted in improved clinical
outcomes in infants with IC.
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METHODS
Study Design

Micafungin plasma concentrations from 4 pediatric clini-
cal trials were available for PPK modeling. Each study has been
described in detail elsewhere.'®?’ Briefly, the dataset consists of 2
PK and safety studies with dosages ranging from 0.75 to 10 mg/kg
and 2 efficacy, safety and PK studies with dosages ranging from 2
to 10mg/kg/d. The local Institutional Review Board/Ethics Com-
mittee at each site approved the studies, and parental consent was
obtained for each infant before initiation of study procedures within
each study. Plasma sampling is described in the respective publi-
cations. The micafungin concentrations were analyzed using high
performance liquid chromatography, as detailed in the individual
publications.'*'®1° Estimated gestational age was not available for
all clinical trials so we were unable to incorporate this variable in
the analysis or to use it to calculate other age descriptions such as
post-menstrual age.

PPK Modeling

A PPK model was constructed using the PPK program
Pmetrics (v1.5.1; University of Southern California, Los Angeles,
CA).* The observations were weighted by the inverse of the esti-
mated assay variance. Initial parameter estimates were anchored
on 2 prior PPK models. The first study included 47 infants <4
months which used prior knowledge from adult PPK modeling
and standardized estimates of clearance and volume in the cen-
tral compartment to a 70-kg adult weight.?? The second study uti-
lized 293 pediatric patients including the 64 infants in the present
analysis.? This PPK model normalized the clearance and volume
to the mean weight of the 293 pediatric patients based on prior
knowledge from previous pediatric PPK analysis.? The structural
model included allometric scaling of clearance, as previously
described.?! Clearance and volume were also standardized to the
mean body weight of the population (1.8kg). The differential
equations for the final structural model with allometric scaling
are as follows:

ClLstd- weight )0'75

ax (1) o ( _ .

— =R(1)~| Kep+ e X(1)+[Kpe-Xx(2)] (1)
dXsz) = Kep-X (1) - Kpe-X (2) 2)

where CL_ and V_, represent the normalized clearance and volume
values using the mean body weight of the population, R represents
the infusion of micafungin into compartment 1, and K _ and K rep-
resent the rate of drug transfer to and from the central (compartment
1) and peripheral (compartment 2) compartments, respectively.

The fit of the model to the data was evaluated by visual inspec-
tion of the observed versus predicted concentrations before and after
the Bayesian step and the coefficient of determination (7°) from the lin-
ear regression of the observed versus predicted values. In addition, the
estimates for bias (mean weighted error), imprecision (adjusted mean
weighted squared error), objective function and log likelihood were
assessed. Non-compartmental analyses (NCA) were conducted for the
infants with 4 or more samples in a 24-hour period to generate non-com-
partmental analysis area under concentration—time curve (AUC, ) and
compared with the population model-predicted AUC .

Bayesian posterior estimates from the final model were used
to estimate AUC for each patient for the entire dosing interval. The
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average daily AUC was then determined by dividing the total AUC
for the treatment course by the number of days of micafungin ther-
apy. Using daily average AUC avoids the issue of having to define
what time in the course of therapy that AUC is important for efficacy
(eg, AUC at the end of dosing or on a specific day during therapy).

Exposure-Response Analysis

A subset of 29 infants who received micafungin for the treat-
ment of proven IC was used for the exposure—response analysis.
Mycologic response was used as an outcome measure. Success-
ful mycologic response was defined as eradication (documented
by negative fungal cultures) through 1 week after the receipt of
the last dose of micafungin. In most patients, after documenta-
tion of eradication during therapy, follow-up cultures were sparse
or not performed because of lack of clinical need (ie, a successful
response). Therefore, an additional part of the definition of “suc-
cessful response” was that no new antifungal therapy was required
after completion of micafungin. Failure (persistence of infection)
was defined as continued positive cultures, or in the absence of
repeat cultures, there was a requirement to switch to an alternative
antifungal therapy for further treatment. Survival reported anytime
during the course of the study was used in the analysis.

The relationship of average daily AUC (AUC, ) and
AUC_ :minimum inhibitory concentration (MIC) to mycologic
response (binary data) was analyzed using logistic regression in
SAS (version 9.3; SAS Institute Inc., Cary, NC). The logit function
was used without covariates illustrated by the following equation:

| Pr(Yzl)
logit{Pr(Y = )} =log{——2_L=p +x'B
* 1—Pr(Y= 1)

whereY is response, 3, is the intercept parameter, and f3 is the vec-
tor of slope parameters.

The exposure parameters were added in an automated step-
wise approach with o = 0.3 for model inclusion and a = 0.05 for
model retention. Additional statistical comparisons were performed
in MYSTAT 12 (version 12.02, http://www.systat.com).

Attainment of Pharmacodynamic Targets

Drug exposures from the 29 infants with IC were used to
verify if the 10mg/kg dosage ensured attainment of the PD target
(AUC and AUC:MIC ratio) representing the near-maximal effect
determined in the in vivo rabbit model of Candida meningoen-
cephalitis'>*? and to assess if achieving this target improved sur-
vival and/or mycologic response.

RESULTS
Study Population for PPK

A summary of the demographics of patients enrolled
included from the 4 studies is provided in Table 1. Four micafungin
clinical trials with a combined total of 64 infants 3—119 days of
age were available. There were slightly more males than females
(n = 35 males, 55%), the mean (standard deviation [SD]) age was
35 days (27 days), and the mean (SD; range) weight was 1.8kg
(1.1kg; 0.5-4.8kg). The treatment duration ranged from 1 to
34 days, with a mean (SD) of 6.8 days (7.9 days).

PPK Model
A total of 287 micafungin concentrations from 64 infants
were retrieved for the PPK analysis. Forty infants had multiple
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TABLE 1. Description of Micafungin Pediatric Studies Included in the PPK Model

Weight
Age Range Sex Infusion Duration

Study n Description Range (d) (kg) (% Males) Dose (mg/kg) Duration (d)
Heresi et al,*® 22 Single-dose PK and tolerability  3.6-61.9 0.6-2.0 60.9% 0.75,1,and 3 30 min 1

2006 study in premature infants

requiring systemic antifungal

Benjamin et al,¢ 13 Multiple-dose PK and safety 3.0-118.7 0.54-1.4 46.2% 7 and 10 1h 4-5

2010 study for empiric therapy
Queiroz-Telles et al,? 17 Efficacy, safety and PK study 3.6-94.6 0.9-3.3 64.7% 2; dose increase 1h Up to 42

2008/ Undre et al,** 2012 in the treatment of IC to 4 for thera-

peutic effect

Benjamin et al,'” 12 Efficacy, safety and PK study 12.0-116.8  0.7-4.8 33.3% 10 2h Up to 42

2015 in the treatment of IC

A B 1004

Observed Micafungin Concentrations (mg/L)
Observed Micafungin Concentrations (mg/L)

0 T T T T T
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FIGURE 1. Observed versus posterior predicted concentrations (mg/L) from the final model after the Bayesian step on a
linear scale (A; r? = 0.945; slope = 0.995; 95% confidence interval [CI]: 0.967-1.02; intercept = 0.24; 95% Cl: -0.104 to
0.584) and on a log scale (B; r? = 0.947; slope = 0.946 95% Cl: 0.92-0.972; intercept = 0.0496; 95% Cl: 0.0284-0.0709).
Dotted line is line of unity where observed concentrations equal predicted concentrations.

samples over a 24-hour dosing interval with an average of 5 sam- ~ Exposure—-Response Population and Analysis

ples each (range 3-9). A description of the 4 studies is included in Twenty-nine infants ranging in age from 4 to 117 days
Table 1. A 2-compartment model with allometric scaling fits the received micafungin for the treatment of proven IC or candi-
data well. A visual inspection of the observed versus predicted con- demia; 17 infants received a dose of 2mg/kg in a trial comparing
centrations after the Bayesian step was acceptable with a coefficient micafungin to liposomal amphotericin B* and 12 infants received
of determination (7*) of 0.945 (Fig. 1) using the median parameter a dose of 10 mg/kg in a trial comparing micafungin to conventional
values. Similar results were observed for the mean posterior pre- amphotericin B.'” The median (range) body weight of the 29 infants
dicted values (7 = 0.941 for the linear regression of the observed was 1.95kg (0.68-4.85kg). The median (range) treatment duration
versus predicted values). Estimates of bias and imprecision were was 14 days (1-34 days). MIC values from the 2mg/kg and 10 mg/
also acceptable (—0.126 and 0.902, respectively). The mean param- kg studies were available for all but 2 infants with values ranging

eter estimates are included in Table 2. The mean (SD) clearance and from 0.004 to 2mg/L and 0.03 to 2mg/L, respectively. All but 3
volume in the central compartment were 0.07 (0.05) L/h/1.8 kg and patients had candidemia. The other 3 patients had proven infections

0.61 (0.53) L/1.8kg, respectively. in the urinary tract (n = 2) and disseminated disease (n = 1; eye,

Thirty-seven infants had 4 or more samples in the 24-hour cerebrospinal fluid, blood). Seventy-six percent and 92% of infants
period. AUC ,, calculated using non-compartmental analysis analy- receiving 2 and 10 mg/kg survived, respectively. Of the 5 patients
ses for these 37 subjects were compared with AUC, ,, calculated from who died, 3 deaths occurred in the first week of starting micafungin
the model predictions. Spearman correlation rank order test demon- (2 at 2mg/kg and 1 at 10mg/kg), 1 infant (2mg/kg) died dur-
strated that the results were not significantly different (S=140; Pvalue ing the first week after the last dose of micafungin and 2 infants
<2.2e-16; p =0.983). (2mg/kg) died within the 30 days after the last dose of study drug.

582 | www.pidj.com © 2018 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 2. Mean, Medians, SD and %CV for the Parameter

Estimates

CL,, V. Kcep Kpce
Parameter (L/h/1.8kg) (L/1.8kg) (h™Y) (h™)
Mean (range) 0.07 0.61 1.74 1.92

(0.002-0.299) (0.192-2.780) (0.035-5.966) (0.090-5.970)

SD 0.05 0.53 1.57 1.29
Median 0.06 0.43 0.99 2.00
%CV 68.8 85.9 89.9 67.1

CL indicates clearance; CV, coefficients of variation; Kep, rate of drug moving from the central to the
peripheral compartments; Kpc, rate of drug moving from the peripheral to the central compartments; std,

standard; V, volume in the central compartment.

Successful mycologic response was achieved in 76% and 83% of
patients receiving 2 and 10 mg/kg, respectively. Both infants with
urinary tract infections administered 10mg/kg/d had a success-
ful mycologic response. The infant with a disseminated infection
(2mg/kg/d) failed mycologically; however, all 3 survived. Table 3
summarizes the exposure estimates (AUC,  and AUC_ :MIC) for
the 2 and 10 mg/kg dosages from each study.

The CNS PD target AUC for near-maximal effect that was
demonstrated in the rabbit model of hematogenous Candida menin-
goencephalitis was approximately 166.5 mg-h/L.">?? All infants
treated at a dose of 10mg/kg achieved the CNS PD target, while
only 2 (12%) of the infants receiving 2 mg/kg achieved the CNS
PD target (Table 4). Successful mycologic response was achieved
by 86% of patients who reached the PD target when compared with
73% of patients who did not meet the PD target, but this difference
was not statistically significant (P = 0.396). Of those infants reach-
ing the AUC:MIC ratio PD target for near-maximal effect of 1332,
successful mycologic response was achieved by 73% and 83% of
those who reached and did not reach the target, respectively. There
was no clear relationship between mycologic response (success or
failure) and either AUC_ and AUC_:MIC when examined using
logistic regression (P > 0.3). Figure 2A and 2B illustrates the simi-
larity in the drug exposure measures for those patients with suc-
cessful and failure of mycologic response.

DISCUSSION

In the current PPK analysis, robust estimates of drug expo-
sures for individual patients were obtained. However, no statisti-
cally significant relationship between drug exposure and treat-
ment outcomes was demonstrated. There are several potential
reasons for this observation. First, the number of infants (n = 29)
was small, and therefore, the study lacked adequate power to
detect a difference despite the numerically better response rate in
the group with higher exposures (86% versus 73%; P = 0.396).
Assuming the mycologic responses rates of 86% and 73% from the
2 groups, the study would require a sample size of approximately
142 to yield at least 80% power (2-sided, 5% significance level).
Second, there is extreme heterogeneity in the clinical characteristics
of neonates and young infants with many factors that are extrane-
ous to the infection that potentially confound outcome measures
(eg, gestational age, birth weight and other concomitant comorbidi-
ties). Third, there is significant heterogeneity in the clinical presenta-
tion and prognosis of Candida infections in this population. Disease
may range from simple colonization to dissemination and devastat-
ing involvement of the brain. It may be possible to stratify patients to
more effectively account for the heterogeneity; however, there simply
are not adequate laboratory and clinical tools to do this accurately.

Outcome measures used in these studies have a number
of inherent limitations. Previous studies have demonstrated that
infants who survive IC have poorer neurodevelopment outcomes

© 2018 Wolters Kluwer Health, Inc. All rights reserved.

TABLE 3. Estimates of AUC__and AUC_ :MIC for Infants
Less Than 4 Months of Age with IC Treated with Micafungin
at doses of 2mg/kg (n = 17) and 10mg/kg (n = 12)

AUC_ AUC_ :
(mg-h/L) MIC Ratio
10mg/kg n=12 n=11
Median 401 6475
Range 198-815 115-18,675
%CV 43% 100%
%=>166.5 mg-h/L or >1332* 100% 55%
2mg/kg n=17 n=16
Median 62 2395
Range 27-179 74-89,354
%CV 68% 133%
% 2166.5 mg-h/L or >1332* 12% 56%

*AUC, ,,,or AUC__,, -MIC ratio representing the PD target for the near-maximal
effect in the hematogenous Candida meningoencephalitis rabbit model.

CV indicates coefficients of variation.

TABLE 4. MIC Values and Treatment Response
by Dose Groups and by Patients Who Did or Did not
Achieved the CNS PD Target

10mg/kg 2mg/kg
(n=12) (n=17)
MIC (mg/L), range 0.03-2 0.004-2
MIC,, 2 1
Survival 11 (92%) 13 (76%)
Mycologic response 10 (83%) 13 (76%)

Treatment response in patients reaching PD target

>166.5 mg-h/L* >1332%f

(n=14) (n=15)

Survival 12 (86%) 11 (73%)
Successful mycologic 12 (86%) 11 (73%)

response
Treatment response in patients not reaching PD target

<166.5 mg-h/L* <1332%

(n=15) (n=12)

Survival 12 (80%) 11 (92%)
Successful mycologic response 11 (73%) 10 (83%)

*AUC or AUC :MIC ratio representing the PD target for the near-maximal

0-144.5 0-144.5"
effect in the hematogenous Candida meningoencephalitis rabbit model.

TOnly 27 infants had MIC values to be included in this analysis.

compared with those without IC regardless of the presence of can-
didemia or confirmed CNS infection.” The extent of correlation
between short-term outcome measures and longer-term neurode-
velopment outcomes is not known. The demonstration of negative
fungal cultures is central to definitions of disease resolution. How-
ever, the lack of sensitivity of fungal cultures (<50%)** impairs the
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FIGURE 2. Boxplot illustrating the relationship between mycologic response and AUC_ _ (A) and AUC_ :MIC (B). (The box
represents the interquartile range of AUC_ _ and AUC, :MIC, respectively, with the median displayed as the band inside the
box, the lines extending from the boxes represent the overall range of values.)

clinical utility of this metric. Clinical signs and symptoms are nei-
ther sensitive nor specific enough to assess therapeutic response.”
The strongest predictor of septicemia in 1 study was hypotension,
present in less than 5% of the infants, which had only a 31% posi-
tive predictive value.?® All-cause mortality is obviously an impor-
tant endpoint, but is invariably confounded by comorbidities that
may overwhelm the signal coming from the drug—pathogen inter-
action. The use biomarkers such as (1—3)-f—D-glucan could aid
in the objective assessment of the response to therapy.?’* These
data and others suggest that fungal biomarkers be included for the
assessment of therapeutic response in future clinical trials.?

A further problem resides in substantial difficulties in con-
ducting clinical trials in this patient population. Enrollment in
the micafungin clinical trials was extremely slow. For example,
a recently terminated study enrolled only 30 of the 225 planned
patients in two and a half years.!” Reasons for such slow recruit-
ment may be related to the decreased incidence of IC in this popula-
tion.** A recent study reported in 2014 that the annual US incidence
of IC decreased dramatically.’® The terminated study provides a
recent example of the difficulty of conducting these studies.!” This
study had 70 sites from 23 countries available to screen patients.
Only half of the sites found appropriate infants to screen and only
22% of them were able to enroll at least 1 infant.

Clinical trials may not be the most efficient way to iden-
tify safe and effective regimens for relatively rare fungal infec-
tions. Preclinical-to-clinical bridging studies represent one of the
few ways regimens can be de-risked for clinical study. Importantly,
however, there is relatively little experience with this approach and
certainly no consensus on the type of studies that are required. We
have recently reflected and summarized some of the necessary fac-
tors in a PK—PD package for the development of new antifungal
agents in adults.’' The same exercise now needs to be performed for
infants. This topic was discussed in detail at a recent Food and Drug
Administration workshop (http://www.fda.gov/Drugs/NewsEvents/
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ucm507958.htm). Some important considerations include (1) using
preclinical models that are a faithful mimic of human neonatal dis-
ease. Such an approach enables pharmacodynamic idiosyncrasies
in infants to be examined (2) using neonatal strains and studying
more than 1 strain; (3) cross-validating findings in several experi-
mental model systems; (4) using compounds for which there is an
established regimen and indication to enable the outcomes from
new agents to be benchmarked; (5) setting up experimental models
that produce “on scale” readouts. Model behavior is governed by
the chosen experimental conditions, such as strain, inoculum, back-
ground immunosuppression, delay in initiation of treatment and
treatment duration. The key idea is that clinically relevant expo-
sures of a positive control should induce a response in the middle
of the drug exposure—response relationship.

Clinical data remain central to establishing safe and effec-
tive anti-infective regimens for neonates. A toxicodynamic rela-
tionship was not established in the current dataset, which was too
small to enable meaningful analyses. Clear relationships between
drug exposure and toxicity have not been established for the echi-
nocandins in any clinical context. The safety of neonatal dosages as
high 15mg/kg is published elsewhere. 6173233

Regarding the PPK model employed for the current analysis,
we used a previously described PPK model for micafungin, which
applied an exponent of 0.75 on clearance estimates. A recent report
suggests that allometric scaling for neonatal data may be closer to 1.3
To check our results, we performed a sensitivity analysis using 1 as
the allometric scaling exponent. However, the resulting estimates for
clearance and AUC, _ did not differ from the model described herein.

In conclusion, we could not establish a statistically signifi-
cant relationship between micafungin exposure and the clinical
outcome of neonatal candidiasis. However, prior PK-PD studies
suggest that relatively high drug exposures are required for the
effective treatment of CNS candidiasis. Without larger numbers of
patients and more accurate clinical outcome measures, there will

© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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be persistent problems in establishing direct preclinical-to-clinical
linkages. At the present time carefully designed experimental pro-
grams coupled with PK—PD bridging studies provide the best way
to develop new drugs for premature infants.
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