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The antiviral efficacy of stavudine depends on the trough concentration of its intracellular metabolite, stavudine-triphosphate
(d4T-TP), while the degree of stavudine’s mitochondrial toxicity depends on its peak concentration. Rates of mitochondrial tox-
icity are high when stavudine is used at the current standard pediatric dose (1 mg/kg twice daily [BID]). Evidence from adult
work suggests that half of the original standard adult dose (i.e., 20 mg BID) may be equally effective, with markedly less mito-
chondrial toxicity. We present a population pharmacokinetic model to predict intracellular d4T-TP concentrations in pediatric
HIV-infected patients administered a dose of 0.5 mg/kg BID. Our model predicted that the reduced pediatric dose would result
in a trough intracellular d4T-TP concentration above that of the reduced 20-mg adult dose and a peak concentration below that
of the 20-mg adult dose. The simulated pediatric intracellular d4T-TP at 0.5 mg/kg BID resulted in median peak and trough val-
ues of approximately 23.9 fmol/106 cells (95% prediction interval [PI], 14.2 to 41 fmol/106 cells) and 14.8 fmol/106 cells (95% PI,
7.2 to 31 fmol/106 cells), respectively. The peak and trough concentrations resulting from a 20-mg BID adult dose were 28.4 fmol/
106 cells (95% PI, 17.3 to 45.5 fmol/106 cells) and 13 fmol/106 cells (95% PI, 6.8 to 28.6 fmol/106 cells), respectively. Halving the
current standard pediatric dose should therefore not compromise antiviral efficacy, while markedly reducing mitochondrial
toxicity.

Pediatric HIV is a common and neglected disease (1). Among
other obstacles, pediatric clinicians in the developing world

are severely hampered by the lack of pediatric antiretroviral for-
mulations appropriate for sub-Saharan Africa, where over 90% of
the world’s 3.4 million HIV-infected children live. Stavudine (also
known as d4T) is a nucleoside reverse transcriptase inhibitor. At
the standard pediatric dose, it may cause apoptosis of subcutane-
ous fat cells, a process known as lipoatrophy, in up to 37% of
children (2). Here, the limbs and face become disfigured, poten-
tially leading to stigmatization and reduced adherence to therapy
(3). Stavudine remains one of the most commonly used antiret-
roviral drugs for children in sub-Saharan Africa due to its short-
term safety profile and long shelf life. In 2010, abacavir replaced
stavudine in South Africa’s first-line antiretroviral therapy (ART)
regimen for children; however, children already on stavudine con-
tinued if there were no signs of lipoatrophy. South Africa’s 2013
ART guidelines have recently advised that all virologically sup-
pressed children on stavudine be automatically switched to aba-
cavir (4), and currently around 24,000 South African children
remain on stavudine out of a total of 157,000 on ART (Corry van
der Walt and Jaco Stokes, South African National Department of
Health, personal communication, 15 October 2013). Recent data
have questioned the efficacy of abacavir-based ART in children
(5), which if verified, may lead to reintroduction of stavudine.
Outside of South Africa, abacavir use is limited due to its high cost.
Stavudine also remains an important second-line option in South
Africa because of the gastrointestinal intolerance and bone mar-
row toxicity associated with zidovudine (particularly in the con-
text of already high rates of chronic anemia) and the complexity of
taking didanosine. Tenofovir is not widely licensed for use in chil-
dren due to concerns about its renal and bone toxicities, which
may be more pronounced in growing children than in adults.

There is strong evidence that lipoatrophy related to stavudine
can be avoided with a smaller dose (6–9). The current standard
pediatric dose of stavudine, 1 mg/kg twice daily (BID), was estab-
lished by extrapolation from the plasma pharmacokinetic (PK)
parameters of the adult dose by using data from a few small, well-
controlled pediatric pharmacokinetic studies. Those studies
showed that an oral dose of 1 mg/kg BID in children under 30 kg
gives plasma exposure similar to that of 40 mg BID in adults
weighing more than 60 kg and that an oral dose of 0.5 mg/kg BID
in children gives plasma exposure similar to that of adults taking
20 mg BID (10–12). Preapproval adult dose-finding studies per-
formed in the 1990s found that 20 mg BID and 40 mg BID had
equivalent antiviral effects (13–16). The final recommended dose
of 40 mg BID was chosen fairly arbitrarily after a large trial chose
to test 40 mg BID rather than a lower dose, with stavudine having
minimal short-term toxicity at the higher dose (17). This was de-
spite the outcome of the much larger Parallel Track study, in
which the 40-mg BID arm was stopped by the Data Safety Moni-
toring Board due to excessive rates of delayed peripheral neurop-
athy, all patients being switched to 20 mg BID (13). In 2007, an
influential systematic review by Hill et al. showed that a reduced
adult dose of either 20 or 30 mg BID significantly reduced the
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frequency of delayed toxicity (lipoatrophy, dyslipidemia, lactic
acidosis, and peripheral neuropathy) while maintaining excellent
antiviral efficacy (6). In response, the World Health Organization
recommended that the adult dose be reduced (18). The children’s
dose, however, has not yet been reduced.

The plasma pharmacokinetics of stavudine has been character-
ized in adults and children (10–12, 19, 20). Stavudine is rapidly
cleared from circulation after dosing (half-life [t1/2] of �1 h), and
the magnitude of its antiviral and toxic effects depends on the
intracellular concentration of its phosphorylated metabolite, sta-
vudine triphosphate (d4T-TP), whose t1/2 is �7 h (20, 21). We
hypothesized that the predicted trough intracellular concentra-
tion of d4T-TP in children on 0.5 mg/kg BID would be equivalent
to the trough intracellular concentration of adults on 20 mg BID,
and therefore that a dose of 0.5 mg/kg BID in children weighing
less than 30 kg is likely to have an equivalent antiviral effect to 20
mg BID in adults weighing more than 60 kg.

MATERIALS AND METHODS
Data sets used in the model development. The plasma concentration-
time data of Aspen stavudine administered as capsule and suspension
came from a bioequivalence study (22). The original bioequivalence study
compared the exposure of Aspen stavudine to that of Cipla Stavir and
opened versus intact capsule dosing methods. In the opened capsule dos-
ing, the caregiver would disperse the capsule content in 5 ml water and
then withdraw the required dose using a syringe. Fourteen HIV-seroneg-
ative adults fasted for 6 h prior to the dosing administration and 2 h after
the dose was administered. Blood was drawn predose and at 15, 30, 45, 60,
and 90 min and 2, 4, 6, and 8 h after dosing. The study had a randomized
crossover design. Subjects received either a single dose of 30 mg stavudine
as an intact capsule or the same dose in suspension using the opened
capsule administration method on separate study days. Both dosing
methods were bioequivalent. We undertook a population pharmacoki-
netic analysis, using only data from Aspen stavudine, treating the two
dosing methods as different occasions to evaluate interoccasion variability
(IOV).

Population pharmacokinetic models. The population PK models
were developed using a nonlinear mixed-effects modeling approach. The
first-order conditional maximum likelihood estimation was performed
with the NONMEM program (double precision, version 7.1.2; ICON
Development Solutions, Ellicott City, MD); the subroutine within
NONMEM was the linear mammillary model (ADVAN1 with TRANS2).

The one-compartment model with first-order elimination and zero-
order absorption provided the best fit to the data set. The structural phar-
macokinetic model for the one-compartment model consists of absorp-
tion duration (D), oral clearance (CL), and volume of the central
compartment (V). The relative bioavailability parameter (F) assumed the
value of 1. Exponential interindividual variability terms were included in
the pharmacokinetic parameters. Interoccasion variability (IOV) was in-
troduced to the model (equation 1):

Parameter valueij � TV � exp��i � �ij� (1)

TV represents the typical value. �i and �ij describe interindividual and
interoccasion (within an individual) variability and are assumed to be
independently, normally distributed parameters both with mean zero and
variances �p

2 and �p
2, respectively.

Once the base model was established, covariate screening was carried
out using the stepwise covariate model (SCM) in PerlSpeaksNONMEM.
The covariates tested included the demographic variables age, height,
weight, body surface area, and creatinine clearance. The hypothesis testing
to discriminate among alternative hierarchical structural models was
based on the P values for the forward inclusion and backward elimination
at 0.05 and 0.01, respectively. Both linear and power relationships were
explored for a covariate relationship.

The allometric scaling based on body weight (BW) was applied to the
pharmacokinetic parameter CL, as described by equation 2, once body
weight was determined to be the only influential covariate:

TVCL � 	1 � � BW

70 kg�	2

(2)

�1 is the typical value (TV) at the median body weight of the study
population, and �2 is the allometric scaling exponent for the body weight
normalized by the median.

The accuracy and robustness of the final model were evaluated using a
nonparametric bootstrap procedure. The resampling was repeated 1,000
times. The final population pharmacokinetic model was fitted to each of
the bootstrap data sets, and a set of model parameters were determined for
each run. The 95% confidence intervals (CI) were computed.

Model validation. A degenerate visual predictive check was per-
formed by the simulation of the parameter estimates of the final model to
generate 1,000 individual profiles. The median and 95% prediction inter-
vals (PI) for the concentration at each time points were plotted and com-
pared to the original data. In the adult simulation, weight was simulated
following a normal distribution with a mean � standard deviation (SD) of
74 � 21 kg, as in the original population with a median body weight of 70
kg. In the pediatric population, a minimum and maximum of 6 and 30 kg,
respectively, were simulated for body weight. Their ages were between 0.5
and 9 years, with 16% within the ages of 0.5 and 2 years, 25% between 2
and 4 years, and 58.3% between 4 and 8 years. The relationship between
body weight and age was based on the growth charts from the Centers for
Disease Control and Prevention (23). The covariate equation for pediatric
age and volume of distribution was defined by the relationship established
by Jullien et al. (12):

TVV � Ṽ � �age

4 �0.4

(3)

Both age and body weight distributions were used in the simulation of
1,000 pediatric profiles.

Intracellular concentration of d4T-TP. The intracellular concentra-
tions of d4T-TP in adults weighing over 60 kg and those under 60 kg who
were administered 40 mg or 30 mg stavudine BID, respectively, were
obtained from the first figure from Becher et al. (20). The same cellular
parameters in the study by Hurwitz and Schinazi (24) were used to trans-
form the intracellular concentrations from fmol/106 cells to �M. The
intracellular concentrations of d4T-TP were computed assuming a cell
volume of 32 pl and 8% activated lymphocyte fraction (24–27). We as-
sumed that stavudine rapidly reached equilibrium between extra- and
intracellular concentrations, as it is known that transporters of nucleo-
sides on the cell membranes of lymphocytes are efficient and that equilib-
rium is achieved within milliseconds (28, 29). Hurwitz and Schinazi also
had shown that the intracellular d4T-TP and extracellular stavudine con-
centrations were proportional, suggesting that phosphorylation was not
saturable at the clinically relevant concentration (24). This supported the
assumption that rapid equilibrium is achieved between extracellular and
intracellular concentrations. The typical parameter values, assuming a
body weight of 70 kg, for stavudine pharmacokinetics were used to sim-
ulate the plasma concentration-time profile following a 40-mg adminis-
tration; steady state with an interdosing interval of 12 h was assumed in
the pharmacokinetic model. The first-order accumulation (kpp) and decay
(kdp) rate constants of d4T-TP accumulation in the intracellular compart-
ment were then determined according to equation 4

d�d4T-TP�
dt

� �kpp � Cp� 
 �kdp � d4T-TP� (4)

where Cp represents the plasma stavudine concentration in �M and
the d4T-TP concentrations were converted to �M. No interindividual
variability was incorporated to the rate parameters kpp and kdp, as we
assumed that the data from Becher et al. (20) are representative of a
typical adult with a body weight of 70 kg. The residual variability in the
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intracellular d4T-TP concentration was described by a proportional
error model.

The parameters kpp and kdp obtained from the model fit to the reported
data were then used to simulate the intracellular d4T-TP concentration-
time profiles in 1,000 pediatric individuals, assuming weights between 6
and 30 kg and ages between 0.5 and 9 years. The dose used in the simula-
tion was 0.5 mg/kg BID. The simulated profiles in the pediatric patients
were compared to the simulated adult profiles administered 20 and 40 mg
BID at steady state.

RESULTS
Population PK model. A one-compartment model with zero-or-
der absorption and first-order elimination was fitted to the stavu-
dine concentration-time data of individuals administered 30 mg
intact and open capsules on different occasions (22). Table 1 pro-
vides the base and final pharmacokinetic model with parameter
estimates and 95% CI from a 1,000-bootstrap resampling. The
absorption of stavudine was rapid, and a first-order absorption
could not sufficiently characterize the absorption process. Thus, a
zero-order absorption process was used, and the duration of ab-
sorption was estimated. The parameter values for the final struc-
tural pharmacokinetic model reported in Table 1 were 19.0 li-
ters/h for CL, 37.7 liters for V, and 0.298 h for the zero-order
absorption duration. Values for the parameter �p, which repre-
sents the approximate coefficients of variation for the interindi-
vidual variability for CL, V, and D, were 8.11%, 23.5%, and 47.8%,

respectively. The 	p values, the approximate coefficients of varia-
tion for the interoccasion variability within an individual, were
10% and 16% for CL and V. The covariate analysis included
weight as an influential covariate of CL. Weight, however, was not
an influential covariate of V, and thus no relationship between
weight and V was included in the final model. The addition of
body weight to the CL parameter resulted in a significant decrease
of 12 points in the objective function value (OFV) compared to
the basic model. The final covariate model was

CL

F
�liters ⁄ h� � 19 � �BW

70 �0.775

(5)

The parameter estimates of the final structural model were not
very different from that of the base model. However, the interin-
dividual variability in CL was reduced significantly to 8%. The
95% CI of the parameter estimates was determined from the boot-
strap results.

The pharmacokinetic profiles after intact and opened capsule
administration, represented as black filled circles and opened cir-
cles on Fig. 1, were not markedly different, allowing us to treat the
two formulations as different occasions (Fig. 1, left panel). The
accuracy of the final model was evaluated by a posterior visual
predictive check obtained from simulation of 1,000 profiles from
the adult population weighing 74 � 21 kg, assuming a normal
distribution (Fig. 1, left panel).

TABLE 1 Population pharmacokinetic model parameters of the base and final models for stavudine

Parametera

Result from:

Base model Final model

Mean 95% CIb Mean 95% CIb

Structural model
CL, liters/h 20.0 16.8–28.9 19.0 17.2–20.7
V, liters 38.4 32.2–45.9 37.7 29–45
D, h 0.292 0.25–0.45 0.298 0.25–0.49
kpp, h
1 0.269 9.6 � 10
5c

kdp, h
1 0.151 2.3 � 10
5c

Interindividual variability
�CL 24.9 11.9–34.0 8.11 1.7–18.4
�V 23.3 10.8–52.0 23.5 8.0–50.4
�D 54.0 33.4–64.6 47.8 33.0–68.9

IOV
	CL 12.2 3.2–25.1 10.0 2.07–17.3
	V 13.1 4.1–37.2 16.1 4.20–36.7

Residual variability
Proportional residual error for plasma d4T (�1) 0.239 0.16–0.29 0.226 0.147–0.285
Additive residual error for plasma d4T (�1), IU/dl 45.9 20.3–59.8 47.9 18.0–59.7
Proportional residual error for intracellular d4T (�3) 0.49 3.5 � 10
4c

Covariates
Allometric exponent for CL by wtd 0.775 0.39–1.29
OFV 2,456.44 2,266–2,570 2,444.04 2,243–2,564

a Abbreviations: CL, clearance; V, volume of central compartment; D, zero-order duration; kpp, intracellular d4T-TP accumulation rate; kdp, intracellular d4T-TP decay rate; �CL, �V,
and �D, interindividual variability percent coefficients of variation (% CV) for CL, V, and D, respectively; 	CL and 	V, interoccasion variability (IOV) % CV for CL and V,
respectively; OFV, objective function value.
b 95% CI obtained from the bootstrap 2.5th and 97.5th percentiles.
c Standard error of estimate reported instead of 95% CI of bootstrap.

d The covariate equation for CL by weight (BW) is Pi � P̃�� BW

70 kg�	i

.
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As age is an independent predictor of volume of distribution
for stavudine in prepubertal children (12), it was incorporated as
a covariate of V in the pediatric simulation. Weights of children
ranging from 6 to 30 kg and at ages from 0.5 to 9 years were then
used to evaluate whether the predicted stavudine exposure using
our model in this weight range was consistent with the pediatric
data from Jullien et al. (12). The predictability of the model in
pediatric patients was evaluated based on the simulation of a dose
of 1.23 mg/kg superimposed over the stavudine plasma concen-
trations from 272 children who were administered the same dose
(Fig. 1, right panel), as reported by Jullien et al. (12). Our 95% PI
of stavudine plasma concentration in children encompassed the
upper half of the data reported by Jullien et al. (12).

The accuracy of the simulation was considered satisfactory.
This model was then used to extrapolate the plasma stavudine
exposure and intracellular concentration of phosphorylated sta-
vudine in children given 0.5 mg/kg BID.

Modeling and simulation of the intracellular concentration
of d4T-TP. The transformed data of the in vivo measurements of
phosphorylated stavudine in the lymphocyte peripheral blood
mononuclear cells from Hurwitz and Schinazi (24)— originally
from Becher et al. (20)—were used to determine the kpp and kdp

parameters using equation 4. The model in equation 4 along with
the final pharmacokinetic model using the median parameters
was fitted to the pooled d4T-TP concentration-time profiles. The
model assumed that the pooled d4T-TP data were at steady state.
The parameter estimates were 0.269 h
1 and 0.151 h
1 for kpp and
kdp, respectively. The parameter estimates were markedly different
from that reported by Hurwitz and Schinazi (24). The likely ex-
planation for the discrepancy is that our pharmacokinetic model
was a zero-order absorption model, which allowed for a rapid rise
to peak concentration within approximately 0.3 h. In contrast,
their model was originally from Panhard et al. (30) and had a slow
first-order absorption rate constant with an estimated time of
peak concentration of approximately 1.5 to 2 h (30).

To evaluate how well the model predicts the intracellular con-
centration in adults, 2,000 adult profiles with the population
weight following a uniform distribution of 60 to 90 kg adminis-
tered 20 and 40 mg BID were simulated, with 1,000 profiles per
dosing regimen. A subsequent simulation of another 1,000 pro-
files in children with the same age and body weight distributions as
the one used in the model evaluation (administered 0.5 mg/kg)
was compared to the adult profiles. Figure 2 shows the simulations
of intracellular d4T-TP in pediatric patients compared to that in
adult patients. The 95% PI of the simulation in adults receiving 40
mg encompassed 70% of the data from Becher et al. (20), wherein
adults weighing more than 60 kg were receiving 40 mg BID and
adults weighing less than 60 kg were receiving 30 mg BID. Our
approach assumes that the first-order accumulation and decay
rate constants were identical for all individuals and the interindi-
vidual difference in the intracellular d4T-TP was driven by the
pharmacokinetic difference in plasma stavudine concentrations.
This approach was taken because the intracellular d4T-TP values
were from a different source. The limitation of the present study is
the lack of the individual’s intracellular d4T-TP concentrations
and can only be circumvented by utilizing data from the literature
whose study population closely resembles that of the present
study. The prediction also does not include the residual variabil-
ity, which was relatively large at an approximately 50% coefficient
of variation (CV) and of the same magnitude as that reported by
Hurwitz and Schinazi (24).

Our model estimated a median trough intracellular d4T-TP
concentration of 17.3 fmol/106 cells (95% PI, 8.4 to 39 fmol/106

cells) for the 40-mg BID dose, whereas 20 mg BID would result in
a median trough concentration of 13 fmol/106 cells (95% PI, 6.8 to
28.6 fmol/106 cells). The peak concentrations of the 40-mg BID
dose were significantly higher, with a median of 46.6 fmol/106 cells
(95% PI, 28.6 to 73.3 fmol/106 cells), compared to 28.4 fmol/106

cells (95% PI, 17.3 to 45.5 fmol/106 cells) for the 20-mg BID dose.
The predicted median peak concentration of intracellular d4T-TP

FIG 1 Accuracy of the final model evaluated by visual predictive check obtained from 1,000 simulations in adult patients (left) and another 1,000 in pediatric
patients (right) receiving 30 mg and 1.23 mg/kg stavudine, respectively. In the left panel, the filled circles and the open circles represent stavudine plasma
concentrations in adult patients given intact capsules and opened capsules, respectively, while the data points in the right panel are from Jullien et al. (12). The
shaded areas correspond to the 95% prediction interval, whereas the line represents the median of the simulated profiles.
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in children taking 0.5 mg/kg BID was 23.9 fmol/106 cells (95% PI,
14.2 to 41 fmol/106 cells). This value was lower than the median
peak in adults administered 20 mg BID. The median trough con-
centration in children taking 0.5 mg/kg BID was 14.8 fmol/106

cells (95% PI, 7.2 to 31 fmol/106 cells). This value lay above the
median trough in adults administered 20 mg mg BID. The model
estimated that the median intracellular levels of d4T-TP in chil-
dren remained within the 95% PI range of concentrations of the
adult 20-mg BID dose throughout the dosing interval but was
below the adult median concentration for approximately 80% of
the dosing interval.

DISCUSSION

The frequency and severity of stavudine’s most common side ef-
fect in children, lipoatrophy, are strongly dose dependent. How-
ever, stavudine is rapidly cleared from the circulation, and the
serum concentration-time curve is a poor predictor of the degree
of mitochondrial toxicity and antiretroviral efficacy. Previous lit-
erature has revealed that the trough d4T-TP concentration deter-
mines the antiretroviral efficacy, while the peak d4T-TP concen-
tration determines the degree of mitochondrial toxicity (31). A
dose optimization should therefore aim to achieve an adequate
d4T-TP trough (to retain efficacy) while reducing the peak
d4T-TP concentration (to reduce toxicity). Our model predicted
that a reduced pediatric dose of 0.5 mg/kg BID would result in a
trough intracellular d4T-TP concentration above that of the re-
duced 20-mg adult dose and a peak concentration below that of
the 20-mg adult dose, suggesting that 0.5 mg/kg BID should re-
duce mitochondrion-associated complications without compro-
mising antiviral efficacy.

Until now there has been resistance to reducing the pediatric
dose, with critics citing a lack of evidence showing that antiviral
efficacy will be maintained at the lower dose. Our data suggest that
a reduction in the pediatric dose to 0.5 mg/kg BID should not
compromise antiviral efficacy, since it achieves intracellular
d4T-TP levels similar to 20 mg BID in adults weighing more than
60 kg, which has excellent antiviral efficacy. In fact, due to the
apparently longer half-life and flatter curve of d4T-TP in children,
the predicted trough d4T-TP concentration in children taking 0.5
mg/kg BID lies between the median trough values of adults taking
20 and 40 mg BID, suggesting that a pediatric dose of 0.5 mg/kg
BID in children under 30 kg may in fact have greater antiviral
efficacy than 20 mg BID in adults over 60 kg. In addition, a sub-
stantial reduction in the standard pediatric dose should markedly

reduce the frequency and severity of lipoatrophy and allow safer
use of this highly effective, logistically simple, and cheap medica-
tion. The present model provides a means to predict intracellular
d4T-TP exposure based on plasma exposure of the parent drug
combined with a variety of cofactors. To our knowledge, this has
not previously been done.

The population pharmacokinetic model for stavudine in pedi-
atric patients, previously developed by Jullien et al. (12), was based
on a one-compartment model with first-order elimination and
zero-order absorption. Age, rather than weight, was a significant
covariate of both CL/F and V/F in newborns through 16 years of
age. The effect of weight may have been masked, because the ma-
jority of their pediatric patients were dosed by weight. We incor-
porated both weight and age as covariates in our simulated pre-
pubertal population. Our weight-based simulation of stavudine
pharmacokinetic profile at 1.23 mg/kg in pediatric patients cov-
ered the upper half of their data points. The interindividual vari-
ability in the present study was smaller than that in the study by
Jullien et al. (12), most likely because our study population was
more homogeneous (primarily healthy adult volunteers given 30
mg BID) and our simulation for the pediatric population was
restricted to an age between 0.5 and 9 years with body weights
between 6 and 30 kg, whereas Jullien et al. recruited from new-
borns to adolescents, using a more variable dosing regimen, de-
pending on their age group: 0.61 mg/kg for the first 13 days of life,
1.23 mg/kg for children older than 13 days and weighing less than
30 kg, and 31.5 mg for children with body weights between 30 and
60 kg. Our model had a more rapid absorption, with the time of
peak concentration at approximately 0.3 h, whereas their peak
concentration occurred at approximately 1.72 h. This discrepancy
may have been due to a difference in drug formulation, wherein
the Aspen stavudine capsule may have a faster dissolution profile
than the stavudine tablet that was used in 64% of their subjects.
The median CL/F and V/F at 16.5 liters/h and 40.9 liters, respec-
tively (12), were comparable in both studies, as were the peak
concentrations.

The in vitro MIC (50% inhibitory concentration [IC50]) of
d4T-TP against HIV-1 has been found to be between 0.009 and 6
�M, depending on the phenotypic and genotypic resistance to
nucleoside reverse transcriptase inhibitors (32, 33). The standard
adult doses achieved a median intracellular d4T-TP concentration
in the midrange of the IC50s (approximately 2 to 3 �M) (24) yet
produced an excellent virological response. The true in vivo IC50 of
d4T-TP is difficult to determine. For that reason, we chose to

FIG 2 Intracellular stavudine triphosphate (d4T-TP) concentrations at steady state. Points represent actual data for compliant patients from Becher et al. (20).
The shaded area and line represent the 95% prediction interval and median of the simulation in pediatric patients administered 0.5 mg/kg twice daily (left) and
in adult patients administered 20 mg twice daily (center) and 40 mg twice daily (right).
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compare the d4T-TP concentration of the reduced pediatric dose
(0.5 mg/kg BID) to that of the clinically effective adult doses (20
and 40 mg BID).

Intracellular d4T-TP concentrations were not collected as part
of our original data set (22). Rather, plasma data were used to
develop the population pharmacokinetic model. An assumption
was made that the intracellular d4T-TP data from Becher et al.
(20) come from a representative 70-kg subject. Consequently, the
pharmacodynamic parameters representing the intracellular ac-
cumulation and decay rate constants were identical for all simu-
lated subjects. The true interindividual variability in the predicted
peak and trough intracellular d4T-TP concentrations would
probably be larger than our model predicted. However, the rela-
tive magnitudes between the dosing regimens evaluated by the
model should be similar. This limitation should not significantly
bias the comparison.

The estimated half-life of intracellular d4T-TP from our esti-
mate based on the decay rate (kdp) was approximately 4.5 h, close
to the 6.6 h reported in the literature (20, 21), whereas Hurwitz
and Schinazi estimated a half-life of 1.3 h (24). It is likely that the
population pharmacokinetic model from Panhard et al. (30) had a
slower absorption than the model determined from the present
study. Additionally, the analysis of Panhard et al. (30) did not
demonstrate the covariate effect of body weight on the pharma-
cokinetic parameters, whereas the body weight was a significant
covariate of clearance in the present study. This relationship be-
tween body weight and clearance allowed us to extrapolate the
adult data to pediatric dosing.

The pediatric concentration-time profiles for stavudine are
flatter than those in adults (12). The inclusion of an age effect on
the volume of distribution and body weight on clearance may have
contributed to the shape of the concentration-time profiles, which
in turn drives the shape of the intracellular d4T-TP concentra-
tion-versus-time curves in pediatric patients. Even in the adult
population, the model predicted that the range of intracellular
d4T-TP concentrations is smaller in the group receiving 20 mg
BID than in those receiving 40 mg BID (2.2-fold versus 2.8-fold
difference between peak and trough concentrations). This lower
peak may explain the observation that reduction of the stavudine
dose from 40 mg to 30 mg in adults was associated with less mi-
tochondrial DNA depletion in the peripheral blood mononuclear
cells (9). To establish the relationship between the plasma concen-
tration of stavudine and intracellular d4T-TP, we utilized a mass
transfer form to determine the transfer from plasma to the intra-
cellular compartment. With this modeling approach, we assumed
that extracellular and intracellular stavudine concentrations
equilibrate rapidly; this assumption is reasonable given that nu-
cleoside analogs are subject to rapid transit into the intracellular
side by transporters on the cell membranes of lymphocytes
(28, 29).

Siccardi et al. used in silico simulation to show that the dose of
efavirenz should be reduced in poor metabolizers of CYP2B6 to
reduce central nervous system (CNS)-related toxicity (34). Their
strategy of extrapolating their pharmacokinetic predicted infor-
mation to the pharmacodynamic effect to argue for dose reduc-
tion of efavirenz is analogous to our argument for lowering the
pediatric dose for stavudine.

With regard to adult dosing, our model predicted that the peak
d4T-TP concentration in adults taking 40 mg BID was 64% higher
than the peak in adults taking 20 mg BID. This translates into a

substantially greater d4T-TP area under the curve in the 40-mg
group, which may explain the markedly higher rate of mitochon-
drial toxicity associated with that dose in published literature. In
contrast, the predicted trough d4T-TP concentration in the
20-mg group was only 25% lower than that of the 40-mg group,
which may explain why the antiretroviral properties are retained
when the adult dose is reduced from 40 to 20 mg BID.

Our work is in line with the first of five priority work areas in
the World Health Organization and UNAIDS Treatment 2.0 strat-
egy document (35), which aims to optimize the dosing of antiret-
roviral regimens available in low- to middle-income countries,
particularly with regard to minimizing toxicities while retaining
maximal efficacy. That strategy document reviews the history of
antiretroviral scale-up, which required fast-tracking of drugs to
reach the very large number of patients in desperate need of effec-
tive antiretroviral therapy. As a result of fast-tracking, many anti-
retroviral drugs may not have completed rigorous dose optimiza-
tion evaluations prior to marketing and distribution. That dose
optimization process is now being revisited, the most recent ex-
ample being the Evaluation of Novel Concepts in Optimization of
antiRetroviral Efficacy (ENCORE) trial, which showed noninferi-
ority of 400 mg efavirenz compared to 600 mg (36). Similar trials
are under way to evaluate reduced doses of zidovudine, stavudine,
tenofovir, atazanavir, darunavir, and ritonavir (37, 38).

In conclusion, our model predicted that a reduced pediatric
dose of 0.5 mg/kg BID would result in a trough intracellular
d4T-TP concentration above that of the 20-mg adult dose and a
peak concentration below that of the 20-mg adult dose, suggesting
that a reduction in the current standard pediatric dose would not
be expected to compromise antiviral efficacy while resulting in
markedly less mitochondrial toxicity. However, clinical data of
intracellular d4T-TP in children and adults on the reduced dose
are needed to confirm this.
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