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Abstract

Fifty human immunodeficiency virus (HIV)-infected children participated in an area-under-the
plasma concentration-time curve (AUC)-controlled trial of efavirenz and nelfinavir.
Pharmacokinetic evaluations were performed at weeks 2, 6, and 56. Efavirenz and nelfinavir doses
were adjusted to achieve AUC values of 60-120 and >10mgh/I, respectively. Thirty-seven (74%)
children met the efavirenz target and 41 (82%) the nelfinavir by week 10. Children with AUC values
for both drugs above the first quartile were more likely to reach <400 copies/ml of HIV RNA at week
8. Efavirenz and nelfinavir oral clearance increased 37 and 62% from weeks 2 to 56, respectively,
in 34 children who continued on therapy at week 56. AUC values at week 56 were not different
between children who did or did not have HIV RNA <400 copies/ml. Dose adjustment to achieve
specific AUC values in these children reduced the risk of suboptimal exposure and achieved high
rates of virologic suppression.

We designed an open-label evaluation of the pharmacokinetics, safety, and anti-human
immunodeficiency virus (HIV) effect of efavirenz and nelfinavir, in combination with
nucleoside reverse transcriptase inhibitors (NRTIs), in HIV-infected children. This trial
employed a concentration-controlled paradigm to adjust the doses of efavirenz and nelfinavir
to meet predetermined area-under-the plasma concentration—time curve (AUC) target ranges.
The safety and anti-viral effect of this study have been previously reported.! This paper reports
the pharmacologic characteristics of efavirenz and nelfinavir in the HIV-infected children who
participated in this trial.
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Pharmacokinetic studies for both efavirenz and nelfinavir were performed on 50 children at
weeks 2 and 6. At week 2, the mean and median age of these children were 7.9 and 7 years,
respectively, with a range of 3—-16 years. These children had a mean and median body weight
of 28.1 and 24 kg, respectively, with a range of 13.4-98 kg; the mean and median body surface
area were 1 and 0.9m?2 and ranged from 0.6 to 2.1m2. Sixteen children discontinued the study
before or at week 48: 10 children completed the initial 48-week study and chose not to continue
past this primary observation end point; three children met the end point for virologic failure
before week 48; one child was withdrawn before week 48 at the request of the family; one
child was lost to follow-up before week 48; and one child had to be withdrawn at week 48
because of the lack of availability of the study drug. Thirty-four children remained on study at
week 56, and pharmacokinetic evaluations for efavirenz and nelfinavir were repeated. The
physical characteristics of these 34 children were (mean, median, and range): age, 8.5, 8, and
5-17 years; weight, 29.9, 26.2, and 16.6-93.7 kg; body surface area, 1, 1, and 0.7-2m?.

In view of the week-2 pharmacokinetic studies, an increase in the efavirenz dose was
recommended for 22 children; and a decrease in the dose was recommended for three children.
Following the week-6 pharmacokinetic evaluation, an increase in the efavirenz dose was
recommended for nine children and a decrease recommended for six children. The dose of
nelfinavir was increased in two children following week 2, and in one child after the week-6
pharmacokinetic studies. The number (and percentage) of children who achieved the desired
targets for efavirenz was as follows: week 2, 22 of 50 (44%) and week 6, 28 of 48 evaluable
AUCs (58%). For nelfinavir, these rates were as follows: week 2, 37 of 45 evaluable AUCs
(82%) and week 6, 40 of 50 (80%). At week 10, AUCs were obtained for 13 children. Six
achieved the desired target for efavirenz, and three additional children had values less than
10% from the lower threshold and therefore were viewed as having acceptable AUCs.
Combined with those who had achieved the target at week 6, this would yield a cumulative
rate of 37 (74%) children who had efavirenz AUC values within the target range by week 10.
One child had a dose increase of nelfinavir after the week-6 pharmacokinetic study and
achieved the target AUC at the week-10 evaluation. This would give a rate of 41 (82%) children
who achieved the target nelfinavir AUC at week 10. On the basis of evaluations performed at
week 10 in 13 children, the doses of efavirenz were increased in five children and decreased
in one, and the dose of nelfinavir was increased in one child. Repeat pharmacokinetic
evaluations were not performed based on considerations of the small distance from the target
values and the number of evaluations already performed.

Table 1 and Table 2 present the pharmacokinetic characteristic s of efavirenz and nelfinavir
obtained at weeks 2 and 56. Figure 1 and Figure 2 show the apparent oral clearance (CL/F) of
efavirenz and nelfinavir only in the 34 children who had pharmacokinetic evaluations at weeks
2, 6, and 56. These figures illustrate statistically significant (P<0.001) increases in CL/F for
both drugs between weeks 2 and 56. For efavirenz, CL/F increased an average 37% from a
week 2 mean of 0.19 I/h/kg to a week-56 mean of 0.26 I/h/kg. Nelfinavir CL/F increased 62%
between weeks 2 and 56, from a mean of 1.3 I/h/kg to a mean of 2.1 I/h/kg.

Table 3 presents a comparison of efavirenz and nelfinavir pharmacokinetic characteristics in
those children who had <400 versus > 400 copies/ml of HIV RNA at week 8. This comparison
shows that the week-2 and -6 AUC of efavirenz was related to virologic response, whereas
only the week-2 AUC for nelfinavir was related to response. Quantitative exposure—response
thresholds for these relationships were best discriminated by AUC values at week 2 above or
below the first quartile. Only 50% of children who had efavirenz AUC values less than the first
quartile (49 mg h/l) reached less than 400 copies/ml of HIV RNA by week 8 compared with
86% of children who had AUC values greater than 49 mg h/l (P = 0.01). Similarly, 42% of
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children with nelfinavir AUC values less than the first quartile (10 mg h/l) had an undetectable
level of HIV RNA at week 8 compared with 89% of those who had AUC values above the first
quartile (P <0.001). Finally, logistic regression found that the week-2 AUC values for efavirenz
and nelfinavir, with each drug adjusted for the effect of the other, had independent contributions
to predicting an undetectable HIV RNA at week 8. The adjusted odds ratios (and 95%
confidence intervals) were efavirenz AUC (per 16 mg h/l), 2.29 (1.10-4.77), and nelfinavir
AUC (per 5 mg h/l), 1.54 (1.04-2.28 ). Table 4 gives the pharmacokinetic characteristics of
efavirenz and nelfinavir in the 34 subjects who continued on the study at week 56 and
comparisons with those who had plasma HIV RNA levels < 400 versus > 400 copies/ml and
by change in CD4 cell count from baseline to week 48.

DISCUSSION

The primary objectives of this study were to determine a dosing regimen for efavirenz, given
in combination with nelfinavir and at least one NRTI, in children and to evaluate the safety
and virologic responses of this combination antiretroviral regimen. Before the initiation of this
study, efavirenz had not been administered to children. Thus, this study had phase | objectives
of establishing the pharmacokinetic profile and pediatric dose of efavirenz and phase Il
objectives of evaluating safety and efficacy. To meet these objectives, this study employed an
AUC-controlled strategy for both efavirenz and nelfinavir. The target AUC range for efavirenz
was selected to find a dose of efavirenz that achieved concentrations at least equivalent to those
of the “ average” adult receiving a dose shown to be safe and associated with a significant
virologic response. For nelfinavir, the target AUC choice differed from that of efavirenz
because nelfinavir was already approved by the US Food and Drug Administration (FDA) for
treatment of children and adults; and thus, theoretically, there was no need to find the right
dose for children, but rather the objective was to set a “safety net” to identify children who had
unacceptably low concentrations and may be at an increased risk for a suboptimal virologic
response. At week 10, 74 and 82% of children in this study had AUC values in the target range
for efavirenz and nelfinavir, respectively. These data, in conjunction with previously published
virologic response data, indicating that 81% of children on treatment achieved a viral load of
less than 400 copies/ml at week 48 (70% had less than 50 copies/ml) and that the regimen was
safe and well tolerated, provide support to conclude that this study met the intended objectives.
L2

The pharmacokinetic characteristics found for efavirenz and nelfinavir in these children
indicated two important differences compared with adults. First, the mean week-2 CL/F for
efavirenz of 0.21 I/h/kg is approximately 1.5-fold faster than in adults, and for nelfinavir, the
mean week-2 CL/F of 2.32 I/h/kg is approximately 3.4-fold faster. These data reinforce that
children are pharmacokinetically distinct from adults. For efavirenz and nelfinavir, simply
scaling adult doses to children on a body weight basis would have substantially underdosed
these children, and highlights the need for pediatric-specific dosing recommendations. The
pharmacokinetic characteristics of nelfinavir in these children compared well with those
reported in other smaller studies.® Second, in the group of 34 children who had pharmacokinetic
evaluations performed at both weeks 2 and 56, there were significant changes in their
pharmacokinetic characteristics for both efavirenz and nelfinavir over this 1-year period. The
CL/F of efavirenz increased by 37%, whereas that for nelfinavir increased by 62%. The
physiologic change in these children that resulted in an increase in CL/F for efavirenz and
nelfinavir between weeks 2 and 56 cannot be identified with certainty. However, the
pharmacokinetic evidence points to a change in metabolic capacity rather than bioavailability.
For example, the 34 children who had pharmacokinetic evaluations at both weeks 2 and 56 had
a mean efavirenz elimination half-life at week 2 of 40.9 h and at week 56 of 29.3 h. Had the
increase in CL/F been due to a change in bioavailability and not metabolic capacity, the half-
life would have remained unchanged. These data indicate a need for an improved understanding
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of the ontogeny of the drug-metabolizing pathways involved in efavirenz and nelfinavir
clearance. A contribution of other factors to the change in drug clearance over time, such as
HIV infection itself and associated opportunistic infections, cannot be excluded. These data
indicate that age- or weight-based (doses in this study were adjusted if weight changed by 25%)
dosing strategies may not reliably capture developmental changes in drug disposition and that
ongoing monitoring of plasma concentrations for drugs such as antiretroviral agents where
there are profound consequences of therapeutic failure, is necessary.

Those children who reached undetectable HIV RNA at week 8 had higher efavirenz and
nelfinavir AUCs and trough concentrations at week 2 than those who had HIV RNA levels >
400 copies/ml. These exposure—response relationships were supported by analyses showing
that significantly more children who had AUC values for efavirenz and nelfinavir greater than
the first quartile had HIV RNA <400 copies/ml, and additionally by logistic regression analyses
showing that the week-2 AUC values had independent contributions to predicting an
undetectable HIV RNA at week 8. These findings are consistent with other literature
demonstrating exposure—response relationships and treatment guidelines for minimum trough
concentrations of efavirenz and nelfinavir for antiretroviral naive adults.4 For example,
efavirenz trough concentrations < 1 mg/l were associated with a 50% rate of virologic failure
versus a 22% rate when concentrations were between 1 and 4 mg/l in a population of 130 adult
patients receiving antiretroviral therapy for more than 3 months.> Morning trough
concentrations of nelfinavir less than 1.4mg/l (also expressed as a concentration ratio of less
than 0.9) were found to increase significantly the risk of virologic failure.5 A prospective study
of nelfinavir therapeutic drug monitoring in 92 adult patients demonstrated an improved
virologic response after 1 year of follow-up with 81% of subjects who received therapeutic
drug monitoring having HIV RNA < 500 copies/ml compared with 59% of those who received
standard dose therapy.7

The number (and percent) of children who achieved the desired targets for efavirenz and
nelfinavir at the week-56 pharmacokinetic evaluation were 16 (47%) and 25 (74%),
respectively. There was no difference in the proportion of children who achieved the target
and had or did not have HIV RNA < 400 copies/ml, although these comparisons were limited
by the small sample size, and any child with an HIV RNA > 10,000 copies/ml at week 48 was
excluded from further participation. The change in CD4 cell count from baseline to week 48
was weakly associated with efavirenz C,ax and nelfinavir CL/F at week 56. The proportion
of children who achieved the target AUC values at week 56 was less than that at week 10, and
can be attributed to significant, and unexpected, increases in efavirenz and nelfinavir oral
clearance. There was also no difference in pharmacokinetic characteristics at week 56 between
those children with HIVV RNA above and below 400 copies/ml. These data suggest that the
cause of viremia in these children likely cannot be attributed to differences in pharmacokinetics.
One logical consideration is poor adherence. We have previously shown in children in this
study that those who had high variability in their monthly random efavirenz concentrations
over time, as a putative metric of low adherence, were significantly more likely to experience
virologic rebound.®

The antiretroviral regimen and innovative dosing strategies used in this study demonstrated a
high rate of virologic success in these HIV-infected children. A comparison of pediatric
antiretroviral therapy studies found that those in which doses were adjusted based on measured
concentrations of antiretroviral drugs resulted in superior virologic responses compared with
those that used fixed-dose regimens. ® This study accomplished its objectives without prior
pharmacokinetic knowledge of efavirenz in children, by using an AUC-controlled paradigm
and targeting adult levels of systemic exposure (but not adult doses). This approach was also
extended to nelfinavir; although there was an FDA-approved dose for children, there was quite
limited pediatric experience. Collectively, the pediatric HIV therapeutic experience advances
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an argument for therapeutic drug monitoring of antiretroviral agents in this population. In fact,
such a recommendation is included in the British HIV Association treatment guidelines and
discussed in those of the USA Working Group on Medical Management of HIV-Infected
Children.10:11 Knowledge of genetic differences in drug-metabolizing enzymes will improve
our understanding of interpatient variability in pharmacokinetics and pharmacodynamics. For
example, recent data for efavirenz in children indicate that the CYP2B6-G516T polymorphism
accounts for a 2.3-fold difference in clearance on a I/h/m?2 basis.1? The integration of
pharmacogenomics with therapeutic drug monitoring might improve the application and
usefulness of this strategy.

The challenges of antiretroviral therapy, indeed all pharmacologic interventions in children,
are not trivial and require, for example, the availability of suitable pediatric formulations,
knowledge of age-specific pharmacokinetic characteristics, and the ability to account for the
effects of developmental changes in drug pharmacokinetics over time. We believe that the
strategy described here can be extended to other antiretroviral agents and other drugs to increase
the effectiveness and efficiency of pediatric drug development.

Human subjects and study design

Eligibility criteria included age of 3-16 years; plasma HIV-1 RNA > 400 copies/ml using the
reverse transcription-polymerase chain reaction (Amplicor™) HIV Monitor assay; non-
nucleoside reverse transcriptase inhibitor- and protease inhibitor-naive; receipt of at least one
NRTI; and the ability to swallow capsules. History and physical examination were obtained at
baseline and weeks 2, 4, 6, 8, and every 4 weeks thereafter. Specimens for plasma HIV-1 RNA,
lymphocyte subsets, complete blood count, and differential, chemistries, and urinalysis were
obtained at baseline and weeks 2, 4, 8, and every 4 weeks thereafter. The primary virologic
end point was the proportion of children who had plasma HIV RNA < 400 copies/ml at week
48. Children who had not met the definition of virologic failure were offered the opportunity
to participate in an extension of the study for a total of 208 weeks. Virologic failure was defined
as less than a 1 logyg drop in plasma HIV RNA copy number by week 12 after study treatment
was initiated or HIV RNA in plasma > 10,000 copies/ml in a patient who previously achieved
plasma HIV RNA < 400 copies/ml, confirmed by a second measurement within 30 days. The
Division of AIDS Toxicity Table for Grading Severity of Pediatric Adverse Experiences (0,
none; 1, mild; 2, moderate; 3, severe; and 4, life-threatening) was used. Criteria for treatment
discontinuation included a single grade 4 or repeated grade 3 toxicity attributable to study
treatment or poor compliance (< 80% of efavirenz or nelfinavir consumed over a 1-month
period). This trial was conducted at 18 Pediatric AIDS Clinical Trials Group (PACTG) sites.
Institutional Review Boards at each participating site approved the study. Written informed
consent was obtained from parents/guardians of participating children.

Target AUC strategies

The target 24-h AUC (AUC»y) for efavirenz was 60-120 mg h/l (190-380 pwh; 1 uw = 0.315
mg/l). This range represents the 50th to twice the 50th percentile of AUC,4 values in adults
receiving the recommended dose of 600 mg/day.13 This range was chosen to find a dose of
efavirenz for administration in children, which would achieve systemic concentrations that
were not less than the typical (average) adult. For nelfinavir, the target 8-h AUC (AUCg) was
>10 mg h/l, which is approximately the 10th percentile for adults receiving 750 mg thrice daily
and children receiving the recommended dose of 20-30 mg/kg thrice daily.1* The 10th
percentile was selected for nelfinavir as a threshold that represented unacceptably low
concentrations, which could place the children at risk for therapeutic failure and emergence of
drug-resistant viral strains.
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The starting dose of efavirenz for all children was allometrically scaled to body size by the
formula: child dose (mg/day)=(child weight in kg/70 kg)%- x 600 mg/day. Doses were rounded
to the nearest 25 mg increment. Efavirenz was given once daily in the morning. Efavirenz
capsules (50, 75, or 100 mg) were initially provided by DuPont Pharmaceutical Company
(Wilmington, Delaware) and subsequently by Bristol Myers Squibb Company (Princeton, NJ).
The recommended pediatric dose for nelfinavir, 20-30 mg/kg thrice daily, was used. Nelfinavir
tablets (250 mg) and powder (50 mg/g) were initially provided by Agouron Pharmaceuticals
(La Jolla, CA) and subsequently Pfizer (New York, NY). At entry, subjects were maintained
on current NRTIs or switched to new NRTIs, at the discretion of site investigators.

Pharmacokinetic studies

Efavirenz and nelfinavir doses were adjusted if target AUC values were not achieved. AUCs
for efavirenz and nelfinavir were determined at weeks 2 and 6 in all children; those children
who had not achieved efavirenz or nelfinavir concentrations within the target range had
additional pharmacokinetic evaluations at week 10. Blood samples were obtained pre-dose and
2,5, 6,8, 12, and 24 h post-dose. Plasma concentrations were determined within 2 weeks at a
PACTG Pharmacology Laboratory by high-performance liquid chromatography. Total assay
variability (composite of within- and between-day variability) of the efavirenz and nelfinavir
assays was 1-4.5 and 1.7-10.3%, respectively. The limits of quantitation were 0.020 mg/l for
both efavirenz and nelfinavir. The AUC within the dosing interval (24 h for efavirenz and 8 h
for nelfinavir) was calculated with non-compartmental methods and the linear trapezoidal rule.
15 If target AUCs were not achieved, efavirenz and/or nelfinavir doses were adjusted
proportionally under the assumption of linear pharmacokinetics. Dose adjustments were
implemented at the study visit 2 weeks after the AUC was obtained (i.e., week 4 for the AUC
determined at week 2). The maximum dose increase allowed following each pharmacokinetic
evaluation for efavirenz was 200 mg, whereas up to a 50% increase in the nelfinavir dose was
allowed. Doses of efavirenz and nelfinavir were increased in children who had a 25% increase
in body weight since their last in-range AUC. Those children who continued on this study after
week 48 all had a repeat pharmacokinetic study (as described above) at week 56 with dose
adjustment if necessary, as described.

Relationships between pharmacokinetic characteristics at weeks 2 and 6 and virologic response
at week 8 were evaluated. Week 8 was selected as the time point for virologic response in this
comparison because it reflected changes in drug dosing made at week 2 and at least in part
made at week 6, but would not be overly confounded by adherence to the antiretroviral regimen
that may change over time. The Wilcoxon rank-sum test was used to evaluate differences in
the pharmacokinetic characteristics of efavirenz and nelfinavir between subjects who achieved
undetectable levels of HIV RNA ( < 400 copies/ml) at week 8 versus those who did not. To
test whether children in various quartiles of AUC values had significantly different rates of
reaching an undetectable level of HIV RNA at week 8, 2 tests were used. Finally, logistic
regression was used to test whether the AUCs of efavirenz and nelfinavir each contributed to
predicting whether a subject will achieve undetectable HIV RNA at week 8. Relationships
between efavirenz and nelfinavir pharmacokinetic characteristics determined at the week 56
visit for those children who continued in the study and virologic response at week 48 were also
evaluated. These time points were selected because the week 48 plasma HIV RNA level
determined whether a subject could continue the study (i.e., a plasma HIV RNA < 10,000
copies/ml), and the week-56 pharmacokinetic study was required in all children who did
continue past week 48. TheWilcoxon rank-sum test was used to compare pharmacokinetic
characteristics and Fisher’s exact test was used to compare proportions of subjects who
achieved target AUC values and undetectable HIV RNA. Regression analyses were used to
evaluate the difference in CD4 cells from baseline to week 48 and efavirenz and nelfinavir
pharmacokinetic characteristics.
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Figure 1.
Box plot of efavirenz apparent oral clearance (CL/F, in I/h/kg) at weeks 2 and 56. CL/F at
week 56 was significantly faster (P < 0.001, signed-rank test) than at week 2.
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Figure 2.
Box plot of nelfinavir apparent oral clearance (CL/F, in I/h/kg) at weeks 2 and 56. CL/F at
week 56 was significantly faster (P < 0.001, signed-rank test) than at week 2.
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Table 3

Comparison of efavirenz and nelfinavir pharmacokinetic characteristics with the proportion of children <400 vs
> 400 copies/ml of HIV RNA at week 8

Efavirenz Nelfinavir

Plasma HIV RNA at AUC,, (mg h/l) Cy4 (Mg/l) AUCg (mg h/l) Cg (mg/l)
week 8

Pharmacokinetic
parameters at week 2

<400 copies/ml 69.4 19 21.4 2.8
(n=37)

> 400 copies/ml 435 13 6.9 15
(n=12)

Pvalued 0.002 0.01 0.01 0.038

Pharmacokinetic
parameters at week 6

<400 copies/ml 72.2 18 20.8 2.8
(n=37)

> 400 copies/ml 46.0 1.9 18.4 1.6
(n=12)

pvalue? 0.07 036 0.36 011

AUC24, area under the plasma concentration-time curve from time 0 to 24 h post-dose; AUCg, area under the plasma concentration-time curve from
time 0 to 8 h post-dose; C24, measured concentration 24 h post-dose; Cg, measured concentration 8 h post-dose; HIV, human immunodeficiency
virus.

%vilcoxon rank-sum test.
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