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opulation pharmacokinetics and
xposure-response relationship of
nfuvirtide in treatment-experienced
uman immunodeficiency virus
ype 1–infected patients

Objective: Our objective was to characterize population pharmacokinetics of enfuvirtide, 90 mg twice daily
injected subcutaneously, in treatment-experienced human immunodeficiency virus type 1 (HIV-1)–infected
patients, as well as the relationship between exposure and antiviral effect.
Methods: Plasma concentrations of enfuvirtide and HIV-1 ribonucleic acid were obtained from 628 patients
in 2 phase III studies. NONMEM software was used for population pharmacokinetic analysis and to assess
the effects of age, gender, body weight, anti-gp41 antibodies, and concomitant drugs. Enfuvirtide exposure
(area under the plasma concentration–12-hour time curve or steady-state trough concentration) was calcu-
lated from individual parameter estimates derived from the model. The decline in HIV-1 ribonucleic acid
from baseline at week 2 or 24 was regressed against estimates of enfuvirtide exposure by a maximum effect
model. The exposure-response relationship was examined in functional monotherapy (phenotypic sensitivity
score of 0) and combination therapy (phenotypic sensitivity score >1).
Results: Enfuvirtide population pharmacokinetics was well described by a 1-compartment model with first-order
absorption and elimination. Body weight and female gender were identified as affecting apparent clearance but not
efficacy and safety. Concomitant medications had no significant effect on enfuvirtide pharmacokinetics. Antiviral
response to enfuvirtide was independent of drug exposure, suggesting that the approved 90-mg twice-daily dose
was in the plateau portion of the dose-response curve. For functional monotherapy (phenotypic sensitivity score
of 0), approximately 66% of estimated maximal effect was achieved at week 2 and 73% at week 24, and for
combination therapy, more than 92% was achieved at both weeks 2 and 24.
Conclusions: Body weight and gender affected enfuvirtide clearance, but changes in exposure did not affect
efficacy or safety. Efficacy reached a plateau at the 90-mg twice-daily dosage in the exposure-response curve.
(Clin Pharmacol Ther 2005;77:515-28.)
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aturally occurring L–amino acid residues. It is the first
f a new class of antiretrovirals, the human immuno-
eficiency virus type 1 (HIV-1) fusion inhibitors. Un-
ike conventional antiretrovirals (nucleotide-nucleoside
everse transcriptase inhibitors, nonnucleoside reverse
ranscriptase inhibitors, and protease inhibitors), enfu-
irtide is an extracellular inhibitor of gp41-mediated
IV-1 fusion to target cell membranes. By disrupting a

onformational change in the gp41 surface protein of
IV-1 after binding of the virus to the CD4 receptor on

he cell surface, enfuvirtide prevents virus entry and

ence target cell infection.1
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Enfuvirtide pharmacokinetics has been well charac-
erized in a 4-way crossover study in 12 HIV-1–
nfected patients.2 Enfuvirtide exhibited high absolute
ioavailability (84%), a small volume of distribution
5.5-6.6 L), low systemic clearance (1.4-1.7 L/h), and a
hort elimination half-life (1.69-1.91 h) when adminis-
ered intravenously. It had complex absorption charac-
eristics that were best described by an inverse Gaus-
ian density input function. The antiviral activity of
nfuvirtide was initially demonstrated in 2 short-term
onotherapy (or functional monotherapy) studies

TRI-0013 and TRI-0034) and 2 combination-therapy
tudies (T20-2065 and T20-2086). In all of these stud-
es, with limited numbers of subjects, enfuvirtide dem-
nstrated a dose-related antiviral response and maximal
ntiviral effect at a 90-mg twice-daily dose (100 mg
nfuvirtide in the vial [nominal dose] delivers a 90-mg
ose [deliverable]). These results were subsequently
onfirmed in 2 large, pivotal phase III studies, TORO
7 (T20-301 versus Optimized Regimen Only) and
ORO 2 (T20-302 versus Optimized Regimen Only).8

Although enfuvirtide has demonstrated a dose-
elated response in several phase I/II studies,3-5 a full
xploration of the exposure-response relationship was
ot previously possible for a number of reasons, includ-
ng relatively small sample sizes, the use of different
tudy populations, the use of different assay methods
or the measurement of plasma HIV-1 ribonucleic acid
RNA), and differences in study design of the phase II
tudies T20-206 and T20-208. In contrast, TORO 1 and
ORO 2 were similar in study design and population
haracteristics, there was centralized measurement of
lasma HIV-1 RNA levels, and sparse pharmacokinetic
lasma samples were collected from each patient.
The objectives of this study were, therefore, to use

ata from TORO 1 and TORO 2 to characterize the
opulation pharmacokinetics of enfuvirtide, to evaluate
he influence of patient factors and concomitant medi-
ations on the pharmacokinetic variability of enfu-
irtide, and to explore the relationship between phar-
acokinetic exposure and plasma HIV-1 RNA levels in

reatment-experienced HIV-1–infected patients.

ETHODS
Study design. TORO 17 and TORO 28 were phase

II, randomized, open-label studies assessing the effi-
acy and safety of enfuvirtide, 90 mg twice daily in-
ected subcutaneously, in combination with an opti-
ized background antiretroviral regimen versus an

ptimized background antiretroviral regimen alone in
IV-1–infected patients with experience or prior doc-

mented resistance to each of the other 3 classes of
pproved oral antiretrovirals. All participants gave
ritten informed consent to participate in the protocol,
hich was approved by the independent ethics com-
ittee or institutional review board at each of the study

enters. The optimized background antiretroviral regi-
en consisted of 3 to 5 antiretrovirals selected on the

asis of treatment history and the results of genotypic
nd phenotypic resistance tests. Genotypic testing de-
ects drug resistance mutations that are present in rel-
vant viral genes associated with antiretroviral agents,
hereas phenotypic testing actually measures a virus’s

bility to grow in different concentrations of antiretro-
iral agents (ie, the sensitivity of the virus to the anti-
etroviral agents). Once the patient’s optimized back-
round regimen was chosen, each patient’s background
egimen was given a score, the phenotypic sensitivity
core, defined as the total number of drugs in the
ptimized background regimen to which a patient’s
iral load demonstrated phenotypic sensitivity. If a
atient is given drugs A, B, C, and D, but his type of
irus is sensitive only to drugs A, B, and D, then his
henotypic sensitivity score or genotypic sensitivity
core (depending on whether phenotypic or genotypic
esting was used) would be 3. This score allowed anal-
ses of responses with the number of active antiretro-
irals in the patient’s background regimen taken into
ccount. The genotypic sensitivity score and pheno-
ypic sensitivity score were used to stratify patients at
andomization and to achieve balances across 2 studies.
he treatment period was 48 weeks (plus an optional
8-week extension) with the primary efficacy measure-
ent at week 24. After screening, patients who met the

nclusion criteria were randomized in a 2:1 ratio to
eceive enfuvirtide plus optimized background regimen
r optimized background regimen alone and continued
his regimen at least until week 8, regardless of viro-
ogic response. Protocol-defined criteria for virologic
ailure are as follows:

. Patients had a decrease of less than 0.5 log10 cop-
ies/mL from baseline either on 2 consecutive mea-
surements at least 14 days apart or on 3 consecutive
measurements with at least 14 days between the
first and third measurements starting at week 8 or
any time after week 8.

. Patients had a decrease of less than 1.0 log10 cop-
ies/mL from baseline on consecutive measurements
(as in criterion 1) starting from weeks 14 and 16 or
anytime after week 16.

. Patients achieved a decrease of 2.0 log10 copies/mL
or greater from baseline on consecutive measure-

ments but had HIV-1 RNA rebound from the aver-
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age of the 2 lowest values (not necessarily consec-
utive) by greater than 1.0 log10 copies/mL on
consecutive measurements starting from weeks 6
and 8 or anytime after week 8.

Six sparse blood samples for pharmacokinetic anal-
sis were collected from patients who received enfu-
irtide plus optimized background antiretroviral regi-
ens, with 2 samples taken per visit at week 1 or week

, week 8, and week 24 of the study treatment. These
lood samples were drawn at least 1 to 2 hours apart in
he following time slots relative to the morning enfu-
irtide dose: 5 to 8 hours (week 1 or week 2), 3 hours
efore dosing to immediately before dosing (week 8),
nd 1 to 4 hours (week 24). Patients self-recorded the 3
revious doses before the blood sampling day, and this
nformation was captured in the case report forms.
nti-gp41 antibody titer was measured from serum

amples taken at baseline, week 8, and week 24. Be-
ause enfuvirtide is derived from a sequence of viral
p41, anti-gp41 antibodies cross react with enfuvirtide.
lasma samples for the measurement of HIV-1 RNA
ere taken at baseline, on day 1, and at weeks 1, 2, 4,
, 8, 10, 12, 14, 16, 20, and 24.
Analytic methods. Concentrations of enfuvirtide in

lasma were measured in the Bioanalytical Division at
DS Pharma Services, Lincoln, Neb, by use of vali-

ated liquid chromatography–tandem mass spectrome-
ry.9 The calibration range of standard curves was 5 to
000 ng/mL, and the lower limit of quantitation was 10
g/mL. Interassay precision for quality-control samples
anged from 5.7% to 14.4%. Overall accuracy (ex-
ressed as percentage relative error, which is defined as
00 � [Measured � Nominal]/Nominal) ranged from
.3% to 9.7%.
Samples for measurement of plasma HIV-1 RNA

ere processed by Covance Central Laboratory Service
nc (Geneva, Switzerland; Sonic, Australia; and
ndianapolis, Ind) by commercial methods. Plasma
IV-1 RNA levels were measured by use of a Roche
mplicor HIV-1 monitor (version 1.5; Roche Diagnos-

ic Corp, Indianapolis, Ind) with ultrasensitive sample
reparation (range, 50-75,000 copies/mL) or standard
ample preparation (range, 400-750,000 copies/mL).
nti-gp41 antibody titer was measured by Trimeris Inc

Durham, NC). A validated indirect enzyme-linked im-
unosorbent assay was used for the quantitation of

nti-gp41 serum antibodies. Known standards for the
onstruction of a standard curve and quality control
amples with high, medium, and low levels of anti-
p41 antibody were included in every assay. Samples

ere considered antibody-positive if they had 3 dilu- e
ions that fell on the standard curve and achieved a
ignal-to-noise ratio (enfuvirtide absorbance/negative
ontrol peptide T786 absorbance) greater than 3:1.

Population pharmacokinetic method. Patients from
ach phase III study were randomly assigned to 1 of 2
ata sets—85% for inclusion in the model-building
atabase and 15% for the validation database. Each
atabase was created separately after the allocation of
atients. Creatinine clearance was estimated via the
ethod described by Cockcroft and Gault10 with values

apped at 150 mL/min.11 Body surface area was esti-
ated by use of the formula described by DuBois and
ugene.12 Anti-gp41 reactive antibody status was de-
ned by use of either group (where 1 is positive, 2 is
egative, 3 is not quantifiable, and 0 is missing) or
ercentage change from baseline variables (where 1 is
30% decrease from baseline, 2 is �30% decrease

rom baseline to �30% increase from baseline, 3 is
30% increase from baseline, and 0 is negative or
issing). Positive anti-gp41 reactive antibody status
as defined by a measurable antibody titer at any

ssessment point. Urine protein was coded as 0 (ab-
ent), 1 (trace), or 2 (positive or strong positive). Race
nd acquired immunodeficiency syndrome (AIDS)
asting syndrome were also coded as categoric vari-

bles. Several commonly coadministered drugs used in
he treatment of HIV-1 and associated comorbidities
ere evaluated for their effect on enfuvirtide clearance.
oncomitant medication data indicated only the pres-
nce or absence of each medication; the dose of con-
omitant medications was not included in this analysis.
ll other covariates were assessed as continuous vari-

bles (Table I). The first-order conditional estimation
ethod (FOCE) with interaction was used for all mod-

ls tested during model development.13,14

The models used in this analysis were defined to
epresent covariate influences as shifts in the parameter
f interest from the parameter value observed in a
ypothetic reference patient. This patient was defined
s a 42-year-old, white male patient weighing 70 kg,
ith a body surface area of 1.9 m2, creatinine clearance
f 120 mL/min, normal hepatic function (AST of 50
U/L, ALT of 50 IU/L, and bilirubin of 0.50 mg/dL),
erum albumin level of 50 g/L, no proteinuria, no AIDS
asting syndrome, and no liver cirrhosis.
Standard model-building approaches were used dur-

ng model development.15 Addition of a covariate was
ccepted only if it resulted in a reduction of the objec-
ive function of at least 10 points (P � .001) via the
ikelihood ratio test. The performance of the final
odel was evaluated by use of a maximum a posteriori
valuation of the internal validation data set. Consis-
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ency between the observed and individual predicted
oncentrations in the validation data set obtained by use of
he parameters estimated during model building was ex-
mined to confirm the estimated model parameters. Phar-
acokinetic data were analyzed by use of NONMEM

version V, level 1.1; GloboMax, Hanover, Md).16-19

Exposure-response analysis method. Individual

able I. Summary of baseline demographics of study

Baseline characteristic

Age (y)
Height (cm)
Weight (kg)
Body surface area (m2)
Creatinine clearance (mL/min)
Urine protein

Antibody status*

Antibody change from baseline†

AST (IU/L)
ALT (IU/L)
Albumin (g/dL)
Serum creatinine (mL/dL)
Bilirubin (mg/dL)
Prothrombin time (s)
Gender (No.)
Race (No.)
Concomitant medication [patients taking drug (%)]

Abacavir
Amprenavir
Didanosine
Efavirenz
Indinavir
Lamivudine
Lopinavir-ritonavir
Ritonavir
Saquinavir
Stavudine
Tenofovir
Zidovudine
Fluconazole
Sulfamethoxazole

*Antibody status (where 1 is positive, 2 is negative, 3 is not quantifiable, a
†Antibody change from baseline (where 1 is �30% decrease from baseline,

rom baseline, and 0 is negative or missing).
nfuvirtide exposure (area under the plasma e
oncentration–12-hour time curve [AUC12]) and
teady-state trough concentration of enfuvirtide
Ctrough) were estimated from the final population
harmacokinetic model by use of equations 1 and 2,
espectively. All derived parameters were calculated
or each occasion on which an individual underwent
ampling. Because it was desirable to have 1 param-

tion

odel-building data set
� 534) [mean (SD)]

Validation data set
(n � 94) [mean (SD)]

42.3 (7.92) 42.4 (7.33)
176 (8.21) 176 (8.07)
72.2 (12.7) 72.3 (13.0)
1.87 (0.18) 1.88 (0.19)
112 (26.6) 109 (24.9)

0 � 379 0 � 65
1 � 127 1 � 24
2 � 28 2 � 5
0 � 178 0 � 29
1 � 246 1 � 44
2 � 6 2 � 0
3 � 104 3 � 21
0 � 332 0 � 60
1 � 131 1 � 22
2 � 54 2 � 11
3 � 17 3 � 1

46.0 (29.0) 41.9 (28.8)
47.8 (35.3) 43.7 (35.7)
4.10 (0.45) 4.07 (0.44)
0.88 (0.24) 0.91 (0.23)
0.48 (0.27) 0.45 (0.24)
12.4 (1.61) 12.1 (0.66)

77 male, 57 female 86 male, 8 female
476 white, 58 other 86 white, 8 other

28.5 34.0
38.6 42.6
5.8 7.4

42.9 44.7
16.1 16.0
8.6 9.6

43.1 44.7
53.7 42.6
53.7 42.6
2.4 0.0
4.3 2.1

77.7 73.4
21.0 17.0
47.9 41.5

ssing).
decrease from baseline to �30% increase from baseline, 3 is �30% increase
popula

M
(n

4

nd 0 is mi
ter estimate per individual, the mean of all values
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or an individual was reported. Equations 1 and 2 are
s follows:

AUC12 �
F · Dose

CL
(1)

Ctrough

�
F · Dose · Ka

V · �Ka –
CL

V ���
1

1 – e–
CL
V

·��e–
CL
V

·� – � 1

1 – e–Ka·��e–Ka·��
(2)

n which F is the fraction absorbed (percentage), CL is
otal clearance (liters per hour), Ka is the absorption
ate constant (per hour), V is the volume of distribution
liters), and � is the dosing interval of 12 hours.

Change in plasma HIV-1 RNA (measured on a log10

cale) from baseline was used as a response or efficacy
arker. The exposure-response analysis was performed

or all patients with paired exposure and response data
t week 2 and at week 24 (primary efficacy endpoint)
y use of the same pharmacokinetic exposure parame-
ers. Patients who met protocol-defined virologic fail-
re criteria at week 8 (nonresponders) were excluded
rom the analysis at week 24, because the pharmacoki-
etic exposure of this group of patients was not differ-
nt from that of patients who achieved a virologic
esponse (data not shown) and inclusion of these pa-
ients might obscure the true exposure-response rela-
ionship in patients achieving an antiviral response.
dditional subgroup analyses by phenotypic sensitivity

core were also performed to measure the antiviral
ffect of enfuvirtide in a functional monotherapy set-
ing (phenotypic sensitivity of 0), in which the antiviral
ffect was predominantly a result of enfuvirtide, and in
combination setting (phenotypic sensitivity �1), in
hich enfuvirtide and other active antiviral agents in

he optimized background antiretroviral regimen con-
ributed to the antiviral effect. An additional 20 patients
rom study TRI-0034 were added to the database with a
henotypic sensitivity of 0 at week 2 to better describe
he exposure-response relationship at lower concentra-
ions because 9 patients received a 45-mg twice-daily
ose in this study. Patients from TRI-003 were heavily
reated, with high baseline HIV-1 RNA values, and
ere, therefore, grouped with the patients who had a
henotypic sensitivity score of 0 in the subgroup anal-
sis by phenotypic sensitivity score. For these 20 pa-
ients, individual AUC12 and Ctrough values were cal-
ulated from noncompartmental analysis.4 During
nitial pharmacokinetic-pharmacodynamic modeling
xercises, patients were grouped by phenotypic sensi-

ivity scores 0, 1, 2, 3, 4, and 5. It was found that s
harmacokinetic-pharmacodynamic relationships had
o meaningful difference for all patients with a pheno-
ypic sensitivity score of 1 or greater. Thus patients
ith a phenotypic sensitivity score of 1 or greater were
rouped together and analyzed as a group for combi-
ation therapy.
The empiric 2-parameter maximum effect (Emax)
odel (equation 3) was considered appropriate to de-

cribe the exposure-response relationship of enfu-
irtide. Uniform weighing was used for parameter es-
imates. Goodness of fit was judged by standard output
or diagnosis in WinNonlin (Pharsight Corp, Mountain
iew, Calif) (residual plots, correlation coefficient for
redicted versus observed, and Akaike criteria). The
rediction of effect (E) for the doubling dose was done
y use of the model parameters derived from the 90-mg
wice-daily dose assuming a proportional increase in
xposure based on a previous study.2 Equations 3 and 4
ere as follows:

E � –
Emax · AUC12

E(AUC12)50 � AUC12
(3)

E � –
Emax · Ctrough

E(Ctrough)50 � Ctrough
(4)

n which E is the enfuvirtide effect, defined as HIV-1
NA decline from baseline at a given enfuvirtide ex-
osure (log10 copies per milliliter); Emax is the maximal
IV-1 RNA decline from baseline achievable (based
n the model) (log10 copies per milliliter) for either a
ombined regimen or enfuvirtide treatment alone;
(AUC12)50 is the enfuvirtide AUC12 producing 50%
f the maximum effect (hours times microgram per
illiliter); and E(Ctrough)50 is the enfuvirtide Ctrough

roducing 50% of the maximum effect (micrograms per
illiliter). Exposure-response data were analyzed by

se of WinNonlin 4.1 (Pharsight Corp).
Exposure-safety analysis method. Exposure-safety

nalyses were performed to get a better understanding
f pharmacokinetic changes with regard to drug safety.
or these analyses, incidences of treatment-emergent
dverse events, regardless of severity or causality, from
atients who received enfuvirtide plus optimized back-
round regimen were analyzed against the AUC12 val-
es grouped by quartiles. Although these analyses were
erformed for all safety parameters, only those that are
ore frequent and major are listed in Table II.
Statistical analysis method. At week 2, the 3 vari-

bles of interest (AUC12, Ctrough, and HIV-1 viral load
ecline from baseline) were analyzed independently by
1-way ANOVA. The factor tested was phenotypic
ensitivity score. At week 24, the 3 variables of interest
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AUC12, Ctrough, and HIV-1 viral load decline from
aseline) were analyzed independently by a 2-way
NOVA with terms in the model for phenotypic sen-

itivity score and virologic failure (yes or no), as well
s their interaction. At week 24, these 3 variables were
nalyzed independently by use of a 1-way ANOVA
ith factor gender. WinNonlin 4.1 software (Pharsight
orp) was used for statistical analysis.

ESULTS
Population pharmacokinetic database. A total of

417 observations from 534 patients were included
n the model-building database, and 446 observations
rom 94 patients were included in the validation
atabase. Table I lists the baseline demographic
haracteristics of these patients and their concomi-
ant medications. The baseline demographics for the
alidation and model-building databases were simi-
ar. All covariates listed in Table I were examined as
otential predictors of enfuvirtide disposition.
Exposure-response database. A total of 648 pa-

ients were included in the exposure-response anal-
sis: 534 patients from the model-building database,
4 patients from the model-validation database, and
0 patients from the early phase I/II study TRI-003.4

he week 2 analysis included 629 patients (because
9 patients had missing values for plasma HIV-1

able II. Adverse events grouped by enfuvirtide expo

�4

N 1
Adverse events (No. of patients and %)

Total patients with �1 adverse event 147
Gastrointestinal disorders 79
Infections and infestations 83

Serious adverse events (No. of patients and
%)

Total patients with �1 adverse event 41
Gastrointestinal disorders 5
Infections and infestations 13

Adverse events by collapsed medical terms
(No. of patients and %)

All body systems 120
Nausea, vomiting, diarrhea, or

gastroenteritis
60

Asthenic conditions 34
Hypersensitivity 31

AUC12, Area under plasma concentration–12-hour time curve; N, number o
NA data); of these patients, 198 were undergoing w
unctional monotherapy (phenotypic sensitivity score
f 0) and 431 were undergoing combination therapy
phenotypic sensitivity score �1). The week 24 anal-
sis included 342 patients (because 286 patients met
rotocol-defined virologic failure by week 8 of the
tudy, 123 had a phenotypic sensitivity score of 0,
nd 163 had a phenotypic sensitivity score �1); of
hese patients, 59 were undergoing functional mono-
herapy (phenotypic sensitivity score of 0) and 283
ere undergoing combination therapy (phenotypic

ensitivity score �1).
Enfuvirtide population pharmacokinetics. Several

tructural models to describe the time course of enfu-
irtide concentrations were tested by use of FOCE with
nteraction. The final model selected was a 1-compartment
odel with first-order input and first-order elimination

ADVAN2 TRANS2)20 and with total body weight and
ender covariates on clearance. The model was parame-
erized for apparent clearance (CL/F), apparent volume of
istribution (V/F), and absorption rate constant (Ka), with
erms for interindividual variability in all parameters and a
erm for covariance between CL/F and V/F. The interin-
ividual variability term for absorption was fixed at
0%. During model testing, the variance for Ka was
stimated and was then fixed to that value to achieve a
uccessful covariance step. Interoccasion variability

C12

Enfuvirtide exposure AUC12 (�g · h/mL)

�40.9 and
�50.8

�50.8 and
�63.9 �63.9

158 156 158

148 (93.7) 145 (92.9) 147 (93.0)
90 (57.0) 88 (56.4) 94 (59.5)
83 (52.5) 88 (56.4) 93 (58.9)

48 (30.4) 35 (22.4) 31 (19.6)
7 (4.4) 5 (3.2) 4 (2.5)

14 (8.9) 9 (5.8) 4 (2.5)

111 (70.3) 122 (78.2) 126 (79.7)
61 (38.6) 64 (41.0) 77 (48.7)

29 (18.4) 47 (30.1) 42 (26.6)
27 (17.l) 30 (19.2) 36 (22.8)

from exposure-response database.
sure AU

0.9

56

(94.2)
(50.6)
(53.2)

(26.3)
(3.2)
(8.3)

(76.9)
(38.5)

(21.8)
(19.9)
as estimated for CL/F and V/F. The model used a
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ombined constant coefficient of variation and additive
esidual error model.

Covariates identified as contributing to interindi-
idual variability in CL/F included total body weight
nd gender. The final model parameterization is pre-
ented in equations 5, 6, and 7:

CL

F
� ��1 � �WT

70 � · �4� · �1 � SEX · �5� (5)

V

F
� �2 (6)

Ka � �3 (7)

n which �1 is the intercept value for mean apparent
learance (liters per hour), �2 is the mean apparent
olume of distribution (liters), �3 is the mean absorp-
ion rate constant (per hour), �4 is the factor describing
he effect of body weight (kilograms) normalized to 70
g (WT, liters per hour) on CL/F, and �5 is the factor
escribing the effect of gender (0 for male and 1 for
emale) on CL/F.

The diagnostic plots for the final model are given in
ig 1. The plot of observed versus predicted concen-

Fig 1. Diagnostic plots from model-building
panel shows the population predicted (PRED)
the right top panel shows the individual predic
line of unity is shown in both panels. The bo
(IWRE) versus individual predicted values (IP
residuals (WRES) versus time. The line in th
rations of plasma enfuvirtide (left top panel) indicates e
hat the model underpredicted concentrations at the
igher concentration range. The plot of observed versus
ndividual predicted concentrations (right top panel)
hows that predicted and observed data were along the
ine of unity, and there was no overt bias at higher
oncentrations. The absolute weighed residuals versus
ndividual predicted values are small and close to 0 (left
ottom panel). The weighed residuals versus time are
venly scattered below and above 0 (right bottom
anel). Diagnostic plots for the validation data set were
s good as those for the model-building data set (Fig 2).
he results of the maximum a posteriori Bayesian anal-
sis of the validation data, with the use of the final
odel and population pharmacokinetic parameters

rom the model-building data set, showed good agree-
ent between observed and predicted concentrations.
Parameter estimates for the final model are given in

able III. The mean �1 was 0.99 L/h (relative standard
rror for the estimate [SE], 22.1%), the mean V/F was
.43 L (SE, 9.2%), and the mean Ka was 0.113 h�1 (SE,
.8%). The �4 value for body weight effect was 0.883
SE, 22.5%), and the �5 value for the effect of female
ender was �2.03 (SE, 26.8%). The SEs of the param-

for final pharmacokinetic model. The left top
bserved (DV) enfuvirtide concentrations, and
D) versus observed (DV) concentrations. The
ft panel shows the absolute weight residuals
d the right bottom panel shows the weighed
panels is a loess smooth line.
data set
versus o
ted (IPR
ttom le
RE), an
ter estimates were reasonable (�26.8% for all param-
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ters), and the random residual constant coefficient of
ariation was fairly low (16.2%). The additive portion
f the residual error function was negligible (0.188
g/mL). Interindividual variability (27.0%) and in-
eroccasion variability (31.6%) for CL/F were accept-
ble, although both terms remained high for volume of
istribution (57.0% and 54.1%, respectively). Covari-
tes listed in Table I, other than weight and gender,
ere not found to affect the disposition of enfuvirtide.

Fig 2. Diagnostic plots from model-validation
left top panel shows the population PRED ve
panel shows the IPRD versus DV concentrat
bottom left panel shows the absolute IWRE v
WRES versus time. The line in the lower pan

able III. Pharmacokinetic parameter estimates from

Pharmacokinetic parameter
Po

CL/F (L/h) (�1)
Effect of weight (L/h) (�4)
Effect of female gender (�5) �
V/F (L) (�2)
Ka (h�1) (�3)
Random residual CCV (variability as CV %)
Random residual additive variability (ng/mL)

SE, Relative standard error for estimate; CL/F, mean apparent clearance; V
valuated; CCV, constant coefficient of variation; CV, coefficient of variation
reatinine clearance (�34.5 mL/min), markers of he- p
atic function (albumin, AST, ALT, total bilirubin, and
rothrombin time), presence of protein in urine, pres-
nce of circulating anti-gp41 reactive antibodies, and
oncomitant medications did not contribute to the phar-
acokinetic variability of enfuvirtide.
The effect of patient body weight and gender on

pparent clearance is demonstrated in Fig 3. The
ean apparent clearance (CL/F) was 1.82 L/h for a

0-kg male patient and 1.45 L/h for a 70-kg female

t by use of final pharmacokinetic model. The
enfuvirtide concentrations, and the right top

e line of unity is shown in both panels. The
RE values, and the right bottom panel shows
loess smooth line.

pulation pharmacokinetic model

mean
)

Interindividual
variability (%)

Interoccasion
variability (%)

22.1) 27.0 31.6
25.5)
26.8)
9.20) 57.0 54.1
5.8) 20.0 (fixed) NE

16.2
0.188

apparent volume of distribution; Ka, mean absorption rate constant; NE, not
data se
rsus DV
ions. Th
ersus IP
final po

pulation
(SE %

0.990 (
0.833 (
0.203 (
4.43 (

0.113 (
atient. By use of the final model, the effects of
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ender and body weight on CL/F could be calculated
or any body weight and gender. CL/F increased with
ncreasing weight for both male and female patients.

ale patients with a low body weight (40-50 kg) had
n approximately 15% to 20% lower CL/F than a
ale patient with a 70-kg body weight. Similarly,
ale patients with higher body weights (110 kg) had
26% higher CL/F. Female patients with a low body
eight (40-50 kg) had clearance values that were

Fig 3. Individual and typical values of appa
gender by use of final-model equation 5. TVC

able IV. Pharmacokinetic and pharmacodynamic par

Week PSS Responders N
AUC12 (�

(mean a

2 0 Yes 198 50.6 (
2 �1 Yes 431 54.3 (
24 0 Yes 59 55.1 (
24 �1 Yes 283 55.9 (
24 � 0 No 123 52.3 (
24 �1 No 163 52.1 (

Data without footnote symbols indicate that there was no statistically signifi
PSS, Phenotypic sensitivity score; Ctrough, trough plasma concentration; HI
*P � .017 for AUC12 for PSS of 0 versus PSS of 1 or greater.
†P � .025 for Ctrough for PSS of 0 versus PSS of 1 or greater.
‡P � .001 for decline in HIV-1 RNA from baseline for PSS of 0 versus PS
§Both PSS (P � .003) and virologic failure (P � .001) were statistically sign
pproximately 35% lower than the value in the ref- p
rence 70-kg male patient. The CL/F values for fe-
ale patients were approximately 20% lower than

hose observed in male patients of the same weight.
Enfuvirtide exposure-response relationship. Mean

UC12, Ctrough, and HIV-1 plasma RNA decline from
aseline are summarized in Table IV, and Emax model–
stimated parameters at week 2 and week 24 by phe-
otypic sensitivity score are summarized in Table V.
The exposure parameters (AUC12 and Ctrough) in

rance (CL/F) versus body weight by patient
pulation-typical value for apparent clearance.

erved exposure and response (mean and SD)

) Ctrough (�g/mL)
(mean and SD)

Change in HIV-1 RNA from
baseline (log10 copies/mL)

(mean and SD)

2.78 (1.32)† �1.32 (0.91)‡
3.01 (1.27)† �1.63 (0.68)‡
3.10 (1.29) �2.33 (1.10)§
3.08 (1.33) �2.68 (0.87)§
2.88 (1.25) �0.32 (0.535)§
2.89 (1.20) �0.43 (0.77)§

rence at a level of 5%.
n immunodeficiency virus type 1; RNA, ribonucleic acid.

greater.
HIV-1 RNA decline from baseline. No interaction was significant (P � .117).
rent clea
ameters

Obs

g · h/mL
nd SD)

19.2)*
19.6)*
18.7)
20.9)
18.0)
17.7)

cant diffe
V-1, huma
atients who had protocol-defined virologic failure
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n � 286) were similar to those observed in patients
ho achieved a protocol-defined virologic response,

egardless of phenotypic sensitivity scores, indicat-
ng that virologic failure was not related to low
nfuvirtide exposure (Table IV).

In those patients in whom a virologic response was
chieved, the viral load decline was higher in those
ith a phenotypic sensitivity score of 1 or greater than

n those with a phenotypic sensitivity score of 0 at week 2,
s well as week 24, as expected. In addition, regardless of
henotypic sensitivity scores, the viral load decline was
igher at week 24 than at week 2 (Table IV).

Fig 4 displays scatter plots and Emax modeling of the
ata in patients with a phenotypic sensitivity score of 0
nd patients with a phenotypic sensitivity score of 1 or
reater. The following general observations and infer-
nces were made from the scatter plots in Fig 4: (1)
ppreciable variability was seen in both exposure and

esponse observations; (2) the antiviral response ap-
eared to be almost independent of pharmacokinetic
xposure in patients with a phenotypic sensitivity score
f 1 or greater, which would be expected if the 90-mg
ose represented the maximally effective dose and the
esultant exposure and response data described the pla-
eau of the dose-response curve; (3) the strength of all
elationships, as measured by correlation coefficient R
0.06-0.21), was low, probably because of variability in
he data and lack of antiviral data at the lower end of

Fig 4. Population pharmacokinetic model–
time curve (AUC12) (A, C, E, and G) and stea
(B, D, F, and H) values versus observed chan
ribonucleic acid (RNA) viral load from basel
notypic sensitivity score [PSS] of 0) at wee
undergoing combination therapy (PSS �1) at

able V. Emax model–estimated parameters at week 2

Week PSS N Responders

AUC12

Emax (log10

copies/mL)

2 0 198 Yes �2.07 	 0.45
2 �1 431 Yes �1.80 	 0.12
24 0 59 Yes �3.28 	 0.87
24 �1 283 Yes �2.88 	 0.1
24 � 0 123 No Not estimable
24 �1 163 No Not estimable

Emax, Maximum effect; EC50, exposure as AUC12 or Ctrough that produces
line is the maximum effect (Emax) model–predicted H
harmacokinetic exposure; (4) the Emax model with
UC12 used as exposure (equation 3) predicted that the
0-mg twice-daily dose achieved 66% (week 2) and
3% (week 24) of maximal effect for patients under-
oing monotherapy and 92% (week 2) and 93% (week
4) of maximal effect for patients undergoing combi-
ation therapy; and (5) the Emax model with Ctrough

sed as exposure (equation 3) predicted similar results,
ith 78% (week 2 and 24) of maximal effect for pa-

ients undergoing monotherapy and 91% (week 2) and
4% (week 24) of maximal effect for patients under-
oing combination therapy. These results suggest that
he 90-mg twice-daily dose of enfuvirtide if combined
ith 1 or more other active antiretroviral drugs pro-
ides a better chance of therapeutic effectiveness.
Table VI summarizes the effect of gender and body

eight on the enfuvirtide exposure and antiviral re-
ponse. No difference in the efficacy of treatment was
bserved between male and female patients, even
hough female patients had an approximately 18%
ower body weight and 28% higher AUC12 than male
atients (Table VI).
Enfuvirtide exposure-safety analysis. The results

or the exposure-safety analyses from 628 patients re-
eiving enfuvirtide plus optimized background regimen
re shown in Table II. These analyses indicated that the
ncidence of frequencies of adverse events and serious

d area under plasma concentration–12-hour
trough concentration of enfuvirtide (Ctrough)

man immunodeficiency virus type 1 (HIV-1)
) for patients undergoing monotherapy (phe-
and B) and week 24 (E and F) and those

(C and D) and week 24 (G and H). The solid

eek 24

sure Ctrough as exposure

0

/mL) R
Emax (log10

copies/mL)
EC50

(�g/mL) R

16.5 0.211 �1.74 	 0.27 0.76 	 0.50 0.177
3.5 0.073 �1.75 	 0.10 0.20 	 0.15 0.072
19.3 0.071 �3.09 	 0.66 0.90 	 0.79 0.061
3.26 0.205 �2.83 	 0.15 0.14 	 0.14 0.201

ximal response; R, correlation coefficient (predicted, observed).
estimate
dy-state
ge in hu
ine (BL
k 2 (A
week 2
and w

as expo

EC5

(�g · h

26.5 	
5.3 	

20.8 	
3.76 	
IV-1 RNA viral load change from baseline.
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dverse events of enfuvirtide remains unchanged over
he exposure range examined in this study.

ISCUSSION
In the early stages of developing the population

harmacokinetic model, several structural models were
nvestigated, including the inverse Gaussian absorption
odel linked with a 2-compartment disposition mode,
hich was identified as the best model for a well-

ontrolled, 4-way, single-dose crossover study.2 They
ere rejected on the basis of high objective function
alues, poor residual plots, or unidentifiable parame-
ers. During the model development process, data from

previous intensive pharmacokinetic study2 were
dded to the database to improve the performance of an
nverse Gaussian density absorption model, but this
as also rejected. The poor performance of the inverse
aussian density function was related to the fact that

here were insufficient data in the absorption phase
rom the sparse pharmacokinetic sampling schedule
sed for this analysis. However, the estimated CL/F
alues from this study (1.82 L/h for male patients and
.45 L/h for female patients) were very close to values
btained previously with the inverse Gaussian density
bsorption model (1.48 L/h),2 indicating that there was
o potential issue from misspecification of the absorp-
ion model. V/F is low because enfuvirtide is not ex-
ected to penetrate intracellularly. The V/F value of
.43 L from this analysis is very close to the true
olume of distribution at steady state (Vss � 5.48 L)
fter intravenous administration if divided by bioavail-
bility (84.3%).2

Despite an observed difference between AUC12 for
ale and female patients, there was no difference in

reatment efficacy between the genders (Table VI) and
UC12 was not related to the frequency of adverse

vents and serious adverse events (Table II). Therefore
he effect of body weight and gender on CL/F does not

able VI. Mean enfuvirtide exposure and antiviral res

Gender N

Age (y)
(mean 	 SD and

range)
Body weight (kg

(mean 	 SD and ra

Male 564 42.8 	 7.8 (21 to 67) 73.8 	 12.0 (46 to 12
Female 64 38.4 	 7.3 (16 to 62) 60.7 	 14.1 (32.7 to
All 628 42.3 	 7.8 (16 to 67) 72.5 	 12.8 (32.7 to

*P � .0001 for AUC12 for male patients versus female patients.
†P � .7042 for change in HIV-1 RNA viral load from baseline for male pa
ppear to be clinically relevant. t
No relationship between renal function and enfu-
irtide pharmacokinetics was identified. This may be
ecause phase III studies excluded patients with creat-
nine clearance lower than 30 mL/min. Although the
ata do not support the need for dose adjustment in
atients with mild or moderate renal impairment (cre-
tinine clearance of 30-80 mL/min), it is not possible to
raw conclusions about enfuvirtide pharmacokinetics
n patients with severe renal impairment or end-stage
enal disease. Likewise, none of the tested markers of
epatic function (albumin, AST, ALT, total bilirubin,
nd prothrombin time) contributed to interindividual
ariability in enfuvirtide pharmacokinetics. Although
he presence of cirrhosis was a planned covariate for
opulation analysis, this data set did not include any
atients with cirrhosis. Therefore no conclusions can be
rawn regarding the pharmacokinetics of enfuvirtide in
atients with hepatic cirrhosis. No significant effect of
oncomitant drugs on enfuvirtide CL/F was identified
n this analysis. These results are consistent with sev-
ral independent drug-drug interaction studies.21-23

Enfuvirtide was approved for subcutaneous injection
n combination with other antiretroviral agents for the
reatment of HIV-1 infection in treatment-experienced
atients with evidence of HIV-1 replication despite
ngoing antiretroviral therapy. The current treatment
uideline calls for the use of combinations of 3 or more
ctive antiretroviral drugs to achieve and maintain a
iral load decline to a clinically significant level over a
ong period of time.24 For those patients in whom HIV
s insensitive to the currently available antiretroviral
rugs, the only treatment option is either an investiga-
ional agent or a newly approved antiretroviral agent.
hese patients will have virologic failure, although
ften caused by problems with adherence, suboptimal
harmacokinetics, or other reasons, which is eventually
ssociated with development of resistance to the anti-
etrovirals in the patients’ regimen, whereas continued

rouped by gender and body weight

AUC12 (�g · h/mL)
mean 	 SD and range)

Change in HIV-1 RNA viral
load from baseline at wk 24

(log10 copies/mL)
(mean 	 SD and range)

2.6 	 18.4* (19.2 to 153) �1.61 	 1.37† (�4.54 to 1.20)
7.3 	 22.8* (32.4 to 167) �1.54 	 1.48† (�4.10 to 2.21)
4.1 	 19.4 (19.2 to 167) �1.60 	 1.38 (�4.54 to 2.21)

us female patients.
ponse g

)
nge) (

3) 5
111) 6
123) 5
reatment in the face of ongoing viral replication can
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ead to cross-resistance to other drugs within a class.
reatment-experienced patients thus face decreasing
ptions of finding active drugs to which their virus is
ensitive or adding newly approved or investigational
gents. Including only 1 fully active antiretroviral (it
ay be one not previously used or a new or investiga-

ional agent), when combined with other recycled
rugs, represents functional monotherapy. Patients un-
ergoing functional monotherapy will generally have
nly short-term benefit (typically 2-4 weeks) with these
ewer drugs because 1 active drug in the regimen is
nadequate to exert the selective pressure to fully sup-
ress the virus and the virus will mutate and become
nsensitive. In the 2 phase III studies (TORO 1 and
ORO 2), at week 2, 198 patients (31.5% of total
atients) had HIV that was insensitive to the currently
vailable drugs and the only active drug in their regi-
en was enfuvirtide; thus enfuvirtide was used as func-

ional monotherapy. Resistant virus developed at week
4 for this reason in 123 (62%) of these 198 patients. At
eek 24, for the same reason, 163 of 431 patients

37.8%) with a phenotypic sensitivity score of 1 or
reater (ie, using enfuvirtide with �1 other active an-
iretroviral) also met the protocol-defined virologic fail-
re. The pharmacokinetic exposure in patients meeting
irologic failure criteria was not different from that in
hose with a virologic response (P � .05), thus sug-
esting that the virologic failure was not a result of
nfuvirtide pharmacokinetics but was most likely a
esult of other reasons, such as changes in viral dynam-
cs, change in the immune status of patients, compli-
nce with the antiviral drug regimen, and so on. Al-
hough it may be argued that exclusion of these patients
ill inflate the magnitude of an antiviral response, it is

lso true that a dose- or exposure-response relationship
s difficult to achieve in patients who do not respond to

drug therapy for reasons other than those related to
ose or pharmacokinetics. Therefore the present
xposure-response relationship was studied at 2 time
oints—at week 2, which included all patients, and at
eek 24, which included only patients who did not
eet the protocol-defined virologic failure criteria. The

elationships at these time points are generally quite
imilar both qualitatively and quantitatively, supporting
he approach and conclusion of these analyses.

In 4 previous monotherapy studies, doses lower than
0 mg twice daily were found to be inferior in achiev-
ng the antiretroviral effect.3-6 Although a theoretic
rgument can be made that the 90-mg twice-daily dose
ay be appropriate for patients with a phenotypic sen-

itivity score of 0 and a dose lower than 90 mg twice

aily may be sufficient for patients with a phenotypic
ensitivity score of 1 or greater, there are no clinical
ata to support a lower dose. Higher doses or exposures
re preferred in dosing because no exposure-related
dverse events have been noted with enfuvirtide.

Because no clinical data are available for enfuvirtide
oses higher than 90 mg twice daily, it is important to
onfirm the adequacy of the selected dose with regard
o its ability to suppress viral replication. The exposure-
esponse analyses indicated that the 90-mg twice-daily
ose was appropriate for patients with a phenotypic
ensitivity score of 1 or greater and suggested that some
dditional benefit might be achieved from higher drug
xposure in patients with a phenotypic sensitivity score
f 0. However, the Emax model also suggested that there
as only a limited benefit (additional decline of �0.3

og10 copies/mL) of doubling the daily dose in patients
ndergoing functional monotherapy.

Diane R. Mould is a full-time employee of Projections Research
nc and was contracted to complete the population pharmacokinetic
nalysis presented herein. Xiaoping Zhang, Keith Nieforth, Miklos
algo, and Indravadan H. Patel are full-time employees of
offmann-La Roche Inc, Nutley. Neil Buss is a full-time employee of
. Hoffmann-La Roche Ltd, Basel.
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