
Population pharmacokinetics of enfuvirtide
in pediatric patients with human
immunodeficiency virus: Searching for
exposure-response relationships

Objective: Our objective was to describe the population pharmacokinetics and pharmacodynamics of enfu-
virtide acting on viral ribonucleic acid in children with human immunodeficiency virus 1.
Methods: A 1-compartment population pharmacokinetic model with first-order absorption and elimination
was fit to subcutaneous and intravenous dose pharmacokinetic data from a 2-part study, as follows: an
intensive-sample pharmacokinetic design (observed dose) (subcutaneous and intravenous, n � 12) followed
by a sparse-sample design (unobserved dose) (subcutaneous, n � 15). The parameters of this model are
clearance (CL), volume of distribution (V), absorption rate (ka), bioavailability (F), and both interindividual
and residual variability. Plasma ribonucleic acid concentrations over time were used to build a population
viral pharmacodynamics model with the following parameters: viral clearance (CLv), initial viral concentra-
tion (A0), duration (�) and rate (R) of preinfected cell–based viral input after enfuvirtide was begun, and
interindividual and residual variability.
Results: The mean population CL and V of enfuvirtide for a child with a mean body weight of 21.3 kg were
1.42 L/h and 5.67 L, respectively. Patient weight affected CL and V. Volume appeared to differ between
intensive and sparse sampling occasions, and this difference also affected the residual error variance. Time
after the beginning of therapy did not significantly affect any pharmacokinetic parameter, supporting the
absence of metabolic induction and inhibition. Although trends were present, no statistically significant
relationship was seen between any pharmacokinetic-based individual enfuvirtide exposure measure and any
virologic response measure.
Conclusions: Regarding pharmacokinetics and pharmacodynamics, no statistically significant correlation be-
tween exposure measures and viral clearance was observed. (Clin Pharmacol Ther 2003;74:569-80.)
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The use of combination therapy (highly active anti-
retroviral therapy) for the treatment of patients with

human immunodeficiency virus (HIV) has been asso-
ciated with decreased morbidity and mortality rates and
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improved quality of life for both adult and pediatric
populations.1-4 A continued high rate of treatment fail-
ure, resulting from either the emergence of drug-
resistant viruses or an intolerance to drug regimens,
motivates a continued search for new drugs with dif-
ferent mechanisms of action and toxicity profiles.5

Enfuvirtide (Fuzeon; Trimeris, Inc, Durham, NC;
Hoffmann-La Roche Inc, Nutley, NJ) is a member of a
new class of antiretroviral drugs, fusion inhibitors,6

which are small peptides that inhibit the fusion of the
viral and target cell membranes.7,8 Enfuvirtide is a
peptide mimetic (36 amino acids) of a region of
gp41,9,10 which has shown its efficacy and safety in
patients with HIV that is resistant to current
treatments.11-13

Church et al14 reported that in 14 children (aged 4-12
years) with plasma human immunodeficiency virus 1
(HIV-1) ribonucleic acid (RNA) concentrations equal
to or exceeding 10,000 copies/mL despite combination
antiretroviral therapy the addition of a subcutaneous
(SC) dose of enfuvirtide (30 mg/m2 [n � 4] or 60
mg/m2 [n � 10]) to the treatment regimen every 12
hours resulted in significant HIV RNA decline. By day
7 after treatment was started, 78% of children in that
study reached the protocol target of 0.7 log reduction in
HIV RNA from baseline. This decline persisted up to
week 24 of treatment in 71% of patients. No severe side
effects were observed.

After intravenous (IV) administration, Kilby et al15

found volumes of distribution (V) ranging between
2.77 and 8.80 L and total clearance (CL) values be-
tween 1.5 and 2.7 L/h (mean, 2.02 L/h) after a wide
range of drug doses (3-100 mg). They saw no evidence
of nonlinear kinetics. Linear kinetics has also been
reported after SC administration up to doses of 100 mg
enfuvirtide.16,17

Zhang et al18 reported a total CL of 1.44 � 0.3 L/h
and V of the central compartment of 3.8 � 0.8 L and of
the peripheral compartment of 1.7 � 0.6 L for adults.

Few pharmacokinetic (PK) or pharmacodynamic
(PD) data have been presented for enfuvirtide in pedi-
atric populations.14,19 The purpose of this study is to
describe the pharmacokinetics of enfuvirtide and
exposure-response to this drug in such a population.

METHODS
Study design. The PK-PD data analyzed here were

generated as a component of the Pediatric AIDS Clin-
ical Trial Group (PACTG) Study P1005, a 2-part phase
1/2, multicenter, open-label clinical trial of enfuvirtide
treatment conducted by the PACTG investigators that
enrolled 15 pediatric HIV-infected subjects (12 in part

A and 3 additional subjects in part B). The following
inclusion criteria were used: Children had to be receiv-
ing stable additional antiretroviral therapy for at least
16 weeks, have plasma HIV RNA levels greater than or
equal to 10,000 copies/mL, and have no prior treatment
(or very limited such treatment) with either nonnucleo-
side reverse transcriptase inhibitors or protease inhibi-
tors. An analysis of the safety and antiretroviral activity
of the enfuvirtide treatment in these subjects has pre-
viously been reported by Church et al.14

The research ethics committee at each center partic-
ipating in the study approved the protocol, and written
informed consent was obtained from the legal guardian
or parents of each subject.

Drug formulation. Enfuvirtide (Trimeris) was sup-
plied as a lyophilized powder. Specific directives for
reconstitution in sterile water and for SC administration
were given to parents or guardians.

PK sampling. Two different PK sampling ap-
proaches were used. In part A of the study, 12 subjects,
who were continuing to receive their unaltered back-
ground antiretroviral therapy, additionally received a
single dose of 15 mg/m2 (n � 4), 30 mg/m2 (n � 4), or
60 mg/m2 (n � 4) enfuvirtide subcutaneously, as well
as another such dose, intravenously, on a separate oc-
casion at least 1 day later. Intensive blood sampling
was performed after each enfuvirtide dose at 0, 0.5, 1,
2, 4, 6, 8, and 12 hours after dose administration. The
primary objective of part A was to identify the SC dose
for part B that would likely result in a minimum 12-
hour enfuvirtide concentration exceeding 1000 ng/mL,
the expected effective concentration based on preclin-
ical data.15,17,20

In part B of the study, 14 subjects (11 patients from
part A plus 3 additional patients [see later]) were stud-
ied as follows. Randomly timed enfuvirtide concentra-
tions (most of which, as was subsequently determined,
were drawn just before a dose was administered) were
measured on days 1, 3, 7, and 10 and at weeks 4, 16, 24,
and 48 (1 measurement per occasion on multiple occa-
sions) of the 30 mg/m2 every 12 hours or 60 mg/m2

every 12 hours SC outpatient dose regimen. The back-
ground antiretroviral treatment was maintained in all of
the part B patients for at least the first 7 days of
enfuvirtide treatment. On day 7, while enfuvirtide was
continued, each subject’s background regimen was
changed to include new antiretroviral agents, with at
least 1 from an antiretroviral class to which the subject
had limited or no prior exposure. Also on day 7, enfu-
virtide dose magnitude was increased from 30 mg/m2 to
60 mg/m2 in subjects who had not attained 0.7 log 10
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plasma HIV-1 RNA decline or in whom trough drug
concentrations were lower than 1000 ng/mL on day 7.21

Eleven patients participated in both parts of the
study; 1 part A patient declined to participate in part B,
and 3 patients who had not participated in part A were
enrolled in part B. The time (mean � SD) between
parts A and B was 3.6 � 2.9 months (range, 1-10
months).

All data from both PK study designs were merged
into a single data set, the analysis of which is the
subject of this report.

Enfuvirtide concentrations. For PK analysis, blood
was collected in heparinized tubes; the plasma was
separated, frozen at �20°C, and shipped within a few
days to Trimeris for analysis by use of a no-wash
sandwich immunoassay with electrochemilumines-
cence detection. In brief, plasma samples were incu-
bated with a murine antienfuvirtide monoclonal anti-
body labeled with ruthenium-tagged Tris-bipyridine
chelate and a second murine antienfuvirtide monoclo-
nal antibody labeled with biotin. After a 1-hour incu-
bation, immune complexes were captured via
streptavidin-coated parametric beads. After addition of
buffer and incubation, electrochemiluminescence was
measured.

The lower limit of quantification of this assay was 5
ng/mL. Quality-control samples were prepared at 7.5,
30, and 120 ng/mL. Interday and intraday coefficients
of variation ranged from 2.5% to 11.4% for all stan-
dards and quality control samples. Recovery ranged
from 99.9% to 108% (Venetta T, written personal com-
munication, Aug 4, 2003).

All analyses were carried out at a single laboratory
(Igen International, Inc, Gaithersburg, Md).

Viral load and CD4. Blood samples to determine
HIV RNA plasma levels and CD4 lymphocyte counts
were collected in all but 1 subject (1 of those partici-
pating in both parts) over the whole period of study.
Plasma HIV RNA samples were scheduled at days 1, 3,
7, 10, and 18 after initiation of long-term enfuvirtide
dosing and at weeks 4, 8, 12, 20, 24, 32, 40, and 48 and
were measured with a reverse transcriptase–polymerase
chain reaction assay (Roche Amplicor HIV Monitor
Ultrasensitive; Roche Molecular Systems, Inc, Branch-
burg, NJ), with a lower limit of quantification of 50
copies/mL, performed at a single division of an ac-
quired immunodeficiency syndrome (AIDS)–certified
laboratory. CD4 counts were obtained by certified
AIDS Clinical Trials Group laboratories with standard
fluorescence-activated cell analysis.

Population PK model. A 1-compartment population
PK model with first-order elimination and first-order

absorption of SC doses was fit to the data by use of
NONMEM software22 (GloboMax LLC, Hanover, Md)
with the first-order conditional estimation method. The
population PK parameters of this model are population
typical CL, V, absorption rate (ka), and SC bioavail-
ability (F). Interindividual variability in these parame-
ters, including a correlation between CL and V, and
residual (within-individual) observation error were
both modeled as log-normally distributed. Subse-
quently, the covariates weight and sex were tried in the
model, to explain interindividual variability. Covariates
were retained if they were associated with a signifi-
cantly improved fit. The difference in minus twice the
log likelihood—the NONMEM objective function—
between a full model (including a covariate) and a
reduced model (without the covariate) is asymptotically
chi square–distributed with degrees of freedom equal
to the difference in number of parameters between the
models. Covariates were included in the model if they
yielded P � .05 according to this test.

By use of the final model (ie, with all significant
covariates included [see “Results” section and Appen-
dix], where the model is given in full mathematic
detail), the following maximum a posteriori (MAP)
Bayesian estimates of subject-specific interdose inter-
val, steady-state exposure measures (with the assump-
tion that prescribed prior dosage was taken) were com-
puted for all subjects: (1) area under the enfuvirtide
concentration versus time curve (AUC), (2) time at
which the maximum enfuvirtide concentration was ex-
pected to occur (tmax), (3) expected maximum enfu-
virtide concentration (Cmax), and (4) expected mini-
mum enfuvirtide concentration (Cmin). One value for
each of these PK measures was obtained per occasion.
A single value for each exposure metric per patient was
computed as the average of all of the individuals’
occasion-specific values.

Population PD model. After a time delay, the rate of
decrease in plasma RNA levels after treatment was
started should reflect the degree of efficacy.23-27 To
accommodate the delay-decay features of viral kinetics,
we modeled the viral load as given by the state of a
1-compartment model with fixed unit volume and a
subject-specific first-order elimination rate that ac-
counted for the net rate of change of free virus resulting
from continued production (despite drug) and elimina-
tion. A steady-state infusion of virus at a subject-
specific rate, assumed to cease at the time drug admin-
istration was begun, established baseline viral RNA.
Beginning at that time and ending at a subject-specific
time, another viral infusion was given at a subject-
specific rate, which represented continuing (zero-order)
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viral production from CD4 cells that were already in-
fected after further infection was stopped or diminished
by the beginning of the drug. The population parame-
ters estimated with this model are therefore as follows:
clearance of virus (CLv), initial concentration of virus
(Av0), and length (�) and rate (R) of viral “infusion”
after time 0 from already infected cells. The distribu-
tion of individual values of all parameters was assumed
to be log-normal, as the (independent) distribution of
residual error. The model is given in full mathematic
detail in the Appendix.

Response measures. The fitted viral dynamic PD
model was used to generate subject-specific MAP
Bayesian estimates of CLv and �, which were used as
PD response measures, as described subsequently.

The following additional outcome variables (PD re-
sponse measures) were computed directly from the PD
data: (1) time that average RNA was below baseline
(TARNAt), calculated by applying the trapezoidal rule
to the RNA data between time 0 and day t; (2) the
change in log 10 RNA between baseline and day 7 of
treatment, divided by the time difference (7 days)
(slope 07); (3) � log-RNA (�RNAt), the difference in
log 10 RNA between the baseline and t � 7 days, t �
week 24, and t � week 48; and (4) a categorical
variable (viral) failure or success, as defined by the

parent study protocol, which considers success to be a
0.7 log 10 plasma RNA decrease by 7 days after the
beginning of therapy.

Exposure-response. Scatterplots, linear regression,
or logistic regression (for the binary success-failure
outcome), as appropriate, were used to assess the rela-
tionship between all pairwise combinations of (MAP
Bayesian estimates of) exposure measures and PD re-
sponse measures at day 7 and week 24. In addition, a
relationship between exposure measures and viral dy-
namics was sought by including the former as covari-
ates affecting CLv, because this should be the main
parameter affected by the drug.

RESULTS
Demographics. The median age of the subjects in-

cluded in the study was 8.2 years (range, 4.0-12.1
years). Part A recruited 8 girls and 4 boys with a mean
weight of 30 kg (range, 12.5-76.2 kg). The 14 part B
enrollees included 8 girls and 6 boys with a mean
weight of 21.3 kg (range, 12.5-76.2 kg).

Population PK model. The final PK model was a
1-compartment model (a 2-compartment model was
tested but did not improve the fit) including patient
weight as a covariate acting on both CL and V (Table
I, �CL,2 and �V,2), as well as an offset for sparse (design
B) versus intensive (design A) PK samples, acting on
mean V (Table I, �V,3). A similar offset variable was
included in the error model (Table I, �SP,3), accounting
for a difference between the residual SD of the sparse
samples’ error relative to that of the intensive samples.
Estimates of all fixed and random effect parameters of
the final PK model are given in Table I.

Notably, the time (after the beginning of therapy)
was not a significant covariate for any PK parameter,
suggesting the absence of metabolic induction and in-
hibition.

Fig 1 illustrates some basic goodness-of-fit plots for
the model. Individual PK profiles of enfuvirtide during
the intensive PK study (part A, 12 individuals) are
depicted in Fig 2, which shows PK model predictions
for a typical individual, as well as the MAP Bayesian
estimate for each individual.

No explanation was found for the inability of the
model to fit concentrations early in time after IV ad-
ministration (this fact accounts for the marked discrep-
ancy between observed and predicted PK at high pre-
dicted values in Fig 1) in those children receiving the
highest dose per kilogram (Fig 2; individuals 4, 10, and
11).

Population PD model. The estimated population PD
model parameters are listed in Table II. Interindividual

Table I. Estimates of pharmacokinetic parameters

Parameter Estimate

�CL,1 (L/h) 1.30 (0.11)
�V,1 (L) 5.16 (0.11)
�ka,1 (h–1) 0.29 (0.09)
�F,1 0.91 (0.15)
�CL,2 0.44 (0.56)
�V,3 2.03 (0.40)
�V,2 0.43 (0.44)
�SP,3 1.03 (0.41)
	2

CL(%) 37
	2

V(%) 27
	2

ka(%) 21
	2

F(%) 40
covCL-V 0.099

2(%) 28

Precision (SE) of estimates is expressed as fraction of estimate (in paren-
theses).

�CL,1, Enfuvirtide clearance for an individual with average weight; �V,1,
volume of distribution for nonsparse (part A) data for an individual with
average weight; �ka,1, absorption rate; �F,1, subcutaneous bioavailability; �CL,2,
power of weight in power function predicting enfuvirtide clearance; �V,3,
multiplier of volume of distribution for sparse data; �V,2, power of weight in
power function predicting enfuvirtide volume of distribution; �SP,3, multiplier
of residual error for sparse data; 	2

P, interindividual pharmacokinetic param-
eter variance; (P � CL [clearance], V [volume of distribution], ka [absorption
rate], F [bioavailability]; covCL-V, covariance between CL and V; 
2, residual
error variance.
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variability in the rate of loss of preinfected cells could
not be estimated. Inclusion of (MAP Bayesian esti-
mates of) enfuvirtide CL (or AUC) as a covariate did
not improve the goodness of fit of the PD model.

Exposure-response. Individual MAP Bayesian esti-
mates of � and CLv are plotted against AUC, tmax, Cmin,
and Cmax in Fig 3. No significant relationship was seen
for any combination of these PK and PD measures.
Likewise, no significant relationships were found be-
tween AUC and any of the direct data-based PD mea-
sures examined: TARNA7, �RNA7, slope 07, or
TARNAt or �RNAt for t � 24 weeks or t � 48 weeks.
Nor was any statistically significant association found
between any PK measure (either at day 7 or at week 24)
and failure-success by logistic regression.

DISCUSSION
Knowledge of both PK and exposure-response is im-

portant for optimal dosing. Although many PK-PD studies
have been carried out in adults and have yielded updated
recommendations and guidelines for HIV treatment, few
reports of pediatric PK-PD data are available.28-30

This study provides initial information on the PK of
enfuvirtide in a group of HIV-1–infected children. The
mean population CL (CL/F) and V (V/F) of enfuvirtide
obtained in this study for an individual with a body
weight of 21.3 kg (which is the average body weight of
our subjects) are 1.30 (1.42) L/h and 5.16 (5.67) L,
respectively.

Steady-state PK measures such as the area under the
curve versus time from 0 to 12 hours [AUC(0-12)] from

Fig 1. Goodness-of-fit plots for population pharmacokinetic (PK) model. Left upper panel, Plot of
population predictions (PRED) versus observed enfuvirtide concentrations (C) (dashed line, line of
identity; thick line, data smooth). Right upper panel, Plot of residuals (RES) versus population
predictions (thick line, smooth). Left lower panel, Plot of weighted population residuals (WRES)
versus population predictions (thick line, smooth). Right lower panel, Plot of individual residuals
(IRES) (observed value minus individual prediction) versus time in hours (thick line, smooth).
Concentrations (C and PRED) are in milligrams per liter; time is in hours.
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Fig 2. Population PK model: Individual maximum a posteriori (MAP) Bayesian enfuvirtide
concentration predictions (solid line), population (typical individual) predictions (dashed line), and
observed concentrations (dots) for (nonsparse sample) single-dose subcutaneous and intravenous
enfuvirtide data only. Enfuvirtide concentrations (CONC) (ordinate) are in milligrams per liter; time
(abscissa) is in hours.
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an intensive PK study19 in children (n � 7) and ado-
lescents (n � 13) who received 1 week of SC therapy
with 2 mg/kg enfuvirtide were used to compute and
compare CL/F with our results, obtained with a com-
parable dose (1.8 � 0.5 mg/kg) and population. Belli-
bas et al19 reported trough concentrations of 2.51 �
1.04 �g/mL and a mean AUC(0-12) value of 49.1 �g ·
h/mL, which corresponds to a CL/F [Dose/AUC(0-12)]
of 0.95 L/h in the studied group of children (mean
weight, 23.3 kg; mean age, 8 years). These results are
in conflict with those found here (Cmin � 1.80 � 1.02
�g/mL and CL/F � 1.42 L/h). The main differences
between their study and our study concern the PK study
design and the PK analysis. In the study by Bellibas et
al, PK sampling was intensive over a 12-hour period
after dosing at 1 week of enfuvirtide therapy. Parame-
ters were estimated by using standard noncompartmen-
tal methods. In this study both intensive and sparse data
were taken over a follow-up period of 48 weeks, and a
model-based analysis was done. As mentioned previ-
ously (see Results section), there is no evidence that
length of time on a treatment regimen influences either
CL or V, so one might suspect that differences are
related primarily to differences in study design (nota-
bly, the presence of sparse samples in our study).

In 12 adult subjects who received 90 mg enfuvirtide
subcutaneously twice daily for 6 days, Zhang et al31

found the following values (mean � SD) for AUC,
Cmin, and Cmax, computed by use of model-independent
methods: 49 � 13 �g · h/mL, 2.7 � 0.8 �g/mL, and 5.7
� 1.8 �g/mL, respectively. The corresponding values
in our pediatric population were lower, as follows:
33.51 � 17.22 �g · h/mL, 1.80 � 1.02 �g/mL, and 3.46
� 1.76 �g/mL, respectively.

The allometric scaling estimated from the pediatric
data analyzed here (weight is included in the model as
a power function; Fig 4 depicts the functional relation-
ship between CL [V] and weight) predicts (extrapo-
lates) that an individual (adult) with a mean body
weight of 70 kg will have a CL (CL/F) and a V (V/F)
of 2.16 (2.37) L/h and 6.62 (7.27) L, respectively. A PK
study conducted by Kilby et al15 in a group of adult
patients who received IV enfuvirtide twice daily esti-
mated volumes of distribution ranging between 2.77
and 8.80 L and total clearance between 1.5 and 2.7 L/h
(mean, 2.02 L/h) after a wide range of drug doses
(3-100 mg). These values are similar to our findings.
After SC administration of 50 or 100 mg enfuvirtide to
adults,17 steady-state values of CL/F, computed from
reported values of AUC(0-12), were 2.34 and 2.74 L/h,
respectively, which are also in agreement with the CL/F
value (2.37 L/h) we obtained from our pediatric model

after extrapolation to an adult with a mean body weight
of 70 kg.

However, our predicted “adult” PK parameters are
not compatible with those observed in adults (by use of
a 2-compartment model analysis) by Zhang et al.18

Even after the fact that our data were analyzed accord-
ing to a 1-compartment model is taken into account
(without a prior distribution on the additional parame-
ters, our data do not support a 2-compartment model
over a single-compartment model), our predictions ex-
ceed their observations (see Fig 4). With the assump-
tion that there is no unknown systematic cause (eg,
unobserved covariate) to account for the discrepancy,
this reinforces the caution that allometric scaling con-
stants derived from pediatric data, even when those
data span a large weight range as here, do not neces-
sarily capture all differences between children and
adults. Kovarik et al,32 for example, reported a reduc-
tion in basiliximab clearance in children compared with
adults that is independent of age, weight, and body
surface area, apparently related to metabolic changes
associated with puberty.

The mean enfuvirtide SC F value obtained in the
pediatric population (0.91 [91%]) agrees with the val-
ues reported for the same route of administration in
adults by Zhang et al.18 As stated by those authors, a
“depot” effect can be observed after SC administration
of high doses of enfuvirtide. In our study the SC ab-
sorption rate constant was close to the elimination rate
constant (ke � CL/V) (0.25 h�1) (Table I), and this
could be due to the “depot” effect hypothesized by
Zhang et al.

The time between parts A and B was 3.6 � 2.9
months (mean � SD) (range, 1-10 months); any car-

Table II. Estimates of pharmacodynamic parameters

Parameter Estimate

Av0 (HIV-RNA copies/mL) 4.59 (0.23)
� (d) 1.95 (0.29)
R (HIV RNA copies/mL per day) 4.05 (0.41)
CLv (mL/d) 0.44 (0.10)
	2

Av0(%) 83
	2

�(%) 54
	2

CLV(%) 26

2(%) 16

Estimates of interindividual variability are expressed as coefficients of vari-
ation (percent). Precision (SE) of estimates is expressed as fraction of estimate
(in parentheses).

Av0, Baseline viral RNA; RNA, ribonucleic acid, HIV, human immunode-
ficiency virus; �, time of “death” of infected target cell already infected at
beginning of therapy; R, rate of “death” of these preinfected cells; CLv,
clearance of virus; 	2

P, interindividual pharmacodynamic parameter variance
(P � Av0, �, CLv); 
2, residual error variance.
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Fig 3. Individual estimates of clearance of virus (CLv) and length of time (�) of continuing viral
production by previously infected cells after time 0, plotted against different exposure measures.
Dashed line, Linear regression; solid line, smooth.
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ryover effect was thereby avoided, and the viral load
was allowed to return to set point.

A “correction” term for sparse (part B) data (trough
enfuvirtide concentrations obtained during mainte-
nance therapy) was needed in our PK model as a
covariate affecting V to partially explain the interindi-
vidual variability related to this PK parameter. It was
noticeable that higher values of V were estimated when
only 1 concentration per occasion (trough level) was
available.

Bearing in mind that the samples in our part B data
were collected during long-term therapy at home over a
48-week period, we speculate that problems in compli-
ance (among others) explain the apparent increase in
the volume of distribution for part B data (ie, if non-
compliance causes lower concentrations than expected

at the nominal dose, it will be associated with a higher
estimate of V, which is made by assuming that, possi-
bly contrary to fact, the nominal dose was given).

The lack of trend in the right bottom panel of Fig 1
(individual residuals versus time) suggests that PK pa-
rameters do not change over time, and consequently, no
metabolic induction or inhibition is taking place over
the time course observed in this study.

The reason that the PK model fails to fit IV concen-
trations early in time for those subjects to whom a large
dose per weight was given is not clear (Fig 2), but it
does not appear to have been a problem with the ad-
ministration of the infusion, because in only 1 of these
subjects, in whom the IV line infiltrated and had to be
restarted, was such a problem noted. We re-estimated
our model after deleting these data to determine the

Fig 4. PK parameters (left, clearance [CL]; right, volume of distribution [V]) versus weight. Open
circles, MAP Bayesian individual predictions of CL and V. Diamonds, Mean (bars, �SE) from
published data in adults (Zhang et al18), assuming a mean weight of 68 kg. Solid lines, CL and V
versus weight for a typical adult individual, as predicted by the PK model developed on pediatric
data in this study. Dashed lines, SE of predictions (solid lines).
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sensitivity of our parameter estimates to them. No
important changes in either fixed or random effect
parameter estimates resulted, increasing our confidence
that, despite our inability to fit certain of our IV data
well, our parameter estimates probably do apply to
future patients.

A decline in HIV RNA (copies per milliliter) was
evident in all patients by day 7 of treatment, and it
remained low for the rest of the study period for most
of them. It was, therefore, reasonable to confine our
dynamic PD model to the events of these first 7 days of
treatment, allowing it to be much simpler than a model
required to describe long-term viral dynamics. Because
our PD analysis was limited to the first week of enfu-
virtide treatment, before any changes were made in the
other antiretroviral treatments, the decay in HIV RNA
could be causally linked to the enfuvirtide administra-
tion.

As was noted by Church et al,14 3 of 15 subjects
(20%) did not reach the protocol enfuvirtide concen-
tration target (�1000 ng/mL) by day 7 after treatment
was started. All 3 subjects had received a dose of only
30 mg/m2 enfuvirtide. After the dosage was changed to
60 mg/m2, the target was attained in these individuals.
This suggests that for most children 60 mg/m2 enfu-
virtide twice daily should be adequate to reach the 1000
ng/mL exposure target. This dosage corresponds (on a
per square meter basis) to the recommended adult dose
of 90 mg.11,15,33

It is both disappointing and perplexing that strong
exposure-response relationships were not seen in this
analysis. Although the anticipated positive trend be-
tween AUC (exposure) and �RNA (response) could be
observed at all time points tested (7 days, week 24, and
week 48), no trend achieved statistical significance. A
negative relationship was expected between slope 07
and AUC, and this was seen at day 7 but, again, was not
statistically significant (P � .64). Finally, a positive
relationship was expected between AUC and TARNA,
and such a trend was observed at both week 24 and
week 48, but, likewise, neither relationship was statis-
tically significant (P � .48 and P � .69, respectively).
Moreover, this same relationship was weakly negative
at day 7, a distinctly counterintuitive result.

The above-mentioned caution notwithstanding, we
note in Fig 3 that the relationship between individual
estimates of CLv, expected to be the first and most
directly affected response variable, and several expo-
sure measures (AUC, Cmin, Cmax, tmax) all went in the
“right” direction, although we stress again that they all
failed statistical tests for significance.

The possible reasons for the failure to find an
exposure-response relationship in these data are as fol-
lows: (1) Such a relationship may be present but ob-
scured by variability, given the small number of sub-
jects studied (N � 14). (2) The exposure variability was
not great, and all exposures may have been supramaxi-
mal. (3) It may be masked by the presence of variable
unmeasured active metabolites or other substances that
interact with the parent drug in the PK-PD relationship.
The third explanation is unlikely, however, because
metabolic studies have not discovered such sub-
stances.31
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APPENDIX
Population pharmacokinetic model. The state (amounts

in compartments) of a pharmacokinetic (PK) model for a
generic individual at time t is given by the solution to the
following system of differential equations (1-compart-
ment PK model with extravascular administration):

dA0(t)

dt
� –kaA0

dA1(t)

dt
� kaA0 –

CL

V
A1

in which A0 and A1 are the amounts of drug in the
subcutaneous absorption site and the central compart-
ment, respectively; ka is the absorption rate constant
from the absorption compartment; CL is the total clear-
ance from the central compartment; and V is the vol-
ume of that compartment. Initial conditions for a bolus
intravenous dose are as follows: A1(0) � D, in which D
is dose amount, and A0(0) � 0. For a subcutaneous
bolus dose experiment, A0(0) � F · D, in which F is
bioavailability. Standard formulas1 yield the initial con-
ditions for steady-state subcutaneous dosing.

The observation (concentration) at time t is given by
the following equation:

C(t) �
A1(t)

V
� �(t)

in which �(t) is a normally distributed random error,
independent of errors at other times, with variance
equal to 
2[1 � �SP,3SP(t)], in which �SP,3 is a param-

eter and SP(t) takes the value of 1 if the observation at
time t is a “sparse sample” and 0 otherwise.

For a generic PK parameter, P (ie, either CL, V, F, or
ka), the following model is used:

P � �P exp(
P)

in which �P is the population mean of P and 
P is a
normally distributed random effect [N � (0,	P

2)], cap-
turing the interindividual variability of P. The random
effects for different parameters may be correlated.

A mean parameter �P may be further modeled as a
function of covariates, for example:

�P � �P,1WT�P,2

or
�P(t) � �P,1[(1 – SP) � �P,3SP]

in which �P,k(k � 1, 2, 3) represents elements of a
vector of population fixed effect parameters and WT is
patient weight; the second example makes the point
(because SP changes with time) that population mean
parameters may be time-dependent.

Population pharmacodynamic model. The state of
the viral pharmacodynamic (PD) model for a generic
individual at time t is defined by the solution to the
following differential equation (1-compartment model
of viral count with zero-order production):

dAv(t)

dt
� R · I(t � �)–

CLv

Vv
· Av(t)

in which Av(t) is the number of human immunodeficiency
virus ribonucleic acid (RNA) copies in the central com-
partment at time t, R is the rate of virus production from
cells infected before drug administration (viral RNA
amount per time) and is to be estimated in the model, I is
the indicator function taking the value 1 if its argument is
true and 0 otherwise, � is the persistence time of prein-
fected cells before releasing viral RNA, CLv is the clear-
ance of the virus, and Vv is the viral volume of distribu-
tion. The initial condition at the time of starting treatment
is Av(0) � Av0, the baseline viral RNA (amount in the
body), and is a parameter to be estimated.

The measured viral RNA concentration CV(t) at time
t is given as follows:

Cv(t) �
Av(t)

vv
� �v(t)

in which �v(t) is a residual error, assumed to be distrib-
uted as N(0, 
v

2).
The PD parameters to be estimated [CLv, R, �, Av(0)]

are modeled just as the PK parameters (see earlier), but
no covariates are used. Because a known quantity of
exogenous virus is never given, Vv is unidentifiable and
it is, therefore, fixed to unity.
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