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Virus-Exposed Neonates

CHOKECHAI RONGKAVILIT,'* PIMOLRAT THAITHUMYANON,? THESHINEE CHUENYAM,'
BHARAT D. DAMLE,> SOMPOP LIMPONGSANURAK,* CHANTANA BOONROD,?
AEUMPORN SRIGRITSANAPOL,® ELLY A. M. HASSINK,"” RICHARD M. W. HOETELMANS,®f
DAVID A. COOPER,"® JOEP M. A. LANGE"® KIAT RUXRUNGTHAM,'

AND PRAPHAN PHANUPHAK!

HIV Netherlands-Australia-Thailand Research Collaboration, Thai Red Cross AIDS Research Centre," Department of
Pediatrics® and Department of Obstetrics & Gynecology,* Faculty of Medicine, Chulalongkorn University, Division of
Pharmacy, King Chulalongkorn Memorial Hospital,” and Roche Thailand,® Bangkok, Thailand; Bristol-Myers Squibb,
Princeton, New Jersey®; International Antiviral Therapy Evaluation Center, University of Amsterdam,” and Department
of Pharmacy and Pharmacology, Slotervaart Hospital,® Amsterdam, The Netherlands; and National Centre in HIV
Epidemiology and Clinical Research, University of New South Wales, Sydney, Australia®

Received 12 April 2001/Returned for modification 20 June 2001/Accepted 27 August 2001

We evaluated the pharmacokinetics of stavudine (d4T) and didanosine (ddI) in neonates. Eight neonates
born to human immunodeficiency virus-infected mothers were enrolled to receive 1 mg of d4T per kg of body
weight twice daily and 100 mg of ddI per m* once daily in combination with nelfinavir for 4 weeks after birth.
Pharmacokinetic evaluations were performed at 14 and 28 days of age. For d4T, on days 14 and 28, the median
areas under the concentration-time curves from 0 to 12 h (AUC,_,,s) were 1,866 and 1,603, ng - h/ml,
respectively, and the median peak concentrations (C,,,.s) were 463 and 507 ng/ml, respectively. For ddI, on
days 14 and 28, the median AUC,_,,s were 1,573 and 1,562 h - ng/ml, respectively, and the median C,, s were
627 and 687 ng/ml, respectively. Systemic levels of exposure to d4T were comparable to those seen in children,
suggesting that the pediatric dose of 1 mg/kg twice daily is appropriate for neonates at 2 to 4 weeks of age.
Levels of exposure to ddI were modestly higher than those seen in children. Whether this observation warrants

a reduction of the ddI dose in neonates is unclear.

Human immunodeficiency virus (HIV) infection has
emerged as a worldwide public health problem among women
and children. The Pediatric AIDS Clinical Trial Group 076
study demonstrated that zidovudine (ZDV) reduced the risk
for vertical transmission by approximately 70% (5). Thereafter,
several interventions to decrease the risk for vertical transmis-
sion have been developed. These include the use of short-
course ZDV, short-course nevirapine, antiretroviral drug com-
binations, elective delivery by cesarean section, and the
avoidance of breast-feeding (7, 9, 10, 14, 17, 18; G. Gray, J.
Mclntyre, B. Jivkov, M. Schorn, S. Lala, L. Reynolds, J.-M.
Ledeine, A. Van Beek, and S. Schnittman, Abstr. 13th World
AIDS Conf., abstr. TuOrB355, 2000; J. Saba, 6th Conf. Ret-
roviruses Opportunistic Infections, 1999). However, there re-
mains a need to explore other treatment strategies to further
decrease the risk for vertical transmission. The efficacies of
triple-drug combination regimens for occupational postexpo-
sure prophylaxis are well established. Thus, it is likely that the
administration of a combination regimen to neonates could
further reduce the risk for perinatal HIV infection. In addition,
disease progression in infected infants is generally rapid (3,
19). Initiation of combined antiretroviral therapy as soon as
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the diagnosis of HIV infection is made early in life may reduce
the risk for disease progression and improve the quality of life
(6). Nevertheless, the information on the pharmacokinetics of
antiretroviral drugs during early infancy is limited. We there-
fore evaluated the pharmacokinetics of two antiretroviral
drugs, stavudine (d4T) and didanosine (ddI), used in combi-
nation with nelfinavir (NFV) in HIV-exposed neonates.

(This study was presented in part at the 41st Interscience
Conference on Antimicrobial Agents and Chemotherapy, Chi-
cago, Ill., 16 to 19 December 2001 [Abstr. 41st Intersci. Conf.
Antimicrob. Agents Chemother., abstr. 1742, 2001].)

The study was conducted by the HIV Netherlands-Australia-
Thailand Research Collaboration (HIV-NAT), the Faculty of
Medicine at Chulalongkorn University, and the King Chula-
longkorn Memorial Hospital in Bangkok, Thailand. Prior to
study initiation, the protocol and the informed consent were
reviewed and approved by the human subjects review board of
the Faculty of Medicine at Chulalongkorn University. Written
informed consents were obtained from the parents or guard-
ians before study entry. Infants were eligible for the study if
they were born to HIV-seropositive mothers who were at least
18 years of age. At birth, the infants had to weigh at least 2.8
kg and their gestational age had to be at least 37 weeks. Infants
with a congenital anomaly or a medical condition that would
compromise their safety or those with a family history of phe-
nylketonuria were excluded from the study. All mothers re-
ceived prenatal voluntary counseling and testing for HIV in-
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fection. Antepartum and intrapartum ZDV prophylaxis was
strongly encouraged, and ZDV could be requested at no cost
through the Thai Red Cross donation program (21). However,
ZDV was not given to infants in the present study. Adminis-
tration of d4T, ddI, and NFV to the infants was started within
12 h after birth and was continued for 4 weeks. All infants
received 1 mg of d4T per kg of body weight every 12 h and 100
mg of ddI per m? once daily. The dosages of NFV, however,
were different for each cohort; the infants in the first, second,
and third cohorts received 15, 30, and 45 mg of NFV per kg
every 12 h, respectively. The study was primarily designed to
evaluate the pharmacokinetics of NFV. However, the stored
plasma samples obtained during the study allowed us to assess
the pharmacokinetic characteristics of d4T and ddI in the study
population. Because of the availability of plasma samples from
eight infants in the first two cohorts, these samples were used
for the pharmacokinetic analyses in the present study.

Both d4T and ddI liquid formulations were prepared accord-
ing to the package inserts. The concentrations of d4T and ddI,
once they were constituted, were 1 and 10 mg/ml, respectively.
The doses were rounded to the nearest 0.1 ml. NFV was
supplied as oral powder in its original bottle (50 mg of free
base or 1 g of bulk powder per scoop). In addition, due to the
infants’ low weights and the small dose required, NFV was also
supplied in a small pack. This was prepared by the study phar-
macist as 200- and 800-mg bulk powder packs. The doses of all
three drugs dispensed were calculated on the basis of anthro-
pometric measurements obtained at birth and were subse-
quently recalculated and adjusted according to the measure-
ments obtained at 14 days of age. d4T and NFV were given
during formula feeding. ddI was given at 1 h before feeding,
and at least 2 h must have passed since the prior feeding. The
infants were observed in the hospital for 1 week after birth
while receiving the study drugs. Detailed information on drug
administration, drug storage, and adverse events was provided
to the parents or guardians; and they had to be fully capable of
giving the drugs to their infants before the infants were dis-
charged. All families had access to a refrigerator, and d4T and
ddI were kept on ice in a container which was provided for
transport home. The parents and guardians were provided a
study booklet that contained a calendar in which the times of
study drug administration and other essential information
could be recorded. Compliance was strictly monitored by mea-
suring the amounts of drugs returned, evaluating the drug
calendar in the study booklet, and questioning the parents or
guardians at each visit.

Study visits were at birth; on days 4, 7, 14, and 28; and at
weeks 8 and 16. Medical history, physical examination, weight,
length, and head circumference were assessed at every visit.
Amylase, lipase, aspartate aminotransferase (AST), alanine
aminotransferase, and creatinine levels were monitored at ev-
ery visit during the first 4 weeks of life. The serum bilirubin
level was monitored at every visit during the first 2 weeks.
Serum cholesterol and triglyceride levels were determined on
days 1, 7, 14, and 28. Serum electrolyte concentrations were
determined on days 14 and 28. A complete blood count was
done on day 1. Hematologic and biochemical evaluations on
day 1 were performed with umbilical cord blood. Adverse
events were reported according to the Division of Acquired
Immunodeficiency Syndrome, National Institute of Allergy
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and Infectious Diseases toxicity tables for children =3 months
of age and, if applicable, for children >3 months of age. For
infants who experienced grade III toxicity, the study drugs
were discontinued temporarily. For those with any grade IV
toxicity, the study drugs were discontinued permanently. If the
study drugs were discontinued for any reason before 4 weeks of
age, ZDV was given until 6 weeks of age as part of the standard
postnatal prophylaxis.

On days 14 and 28, when the full pharmacokinetic study took
place, d4T and NFV were given during formula feeding. ddI
was given at 2 h after the feeding, and the next feeding was not
given until 1 h after ddI dosing. Blood samples of 1 ml were
obtained in EDTA-containing tubes at 0, 1, 2.5, 4, 8, and 12 h
after d4T and NFV administration; these were equivalent to
-2, -1,0.5,2, 6, and 10 h after ddI administration. No blood
samples were obtained after 10 h following ddI administration.
Plasma was immediately separated and stored in two 150-p.l
aliquots at —70°C until analysis. All samples were sent frozen
via an overnight courier to the MDS Pharma Services Labo-
ratory, Sunnyvale, Calif., where d4T and ddI bioanalyses were
performed.

The plasma drug concentrations were determined by a val-
idated radioimmunoassay methodology, with the lower limits
of quantitation being 10 and 3 ng/ml for d4T and ddl, respec-
tively (11; C. Knupp, B. Damle, P. Nichola, and S. Kaul, Abstr.
40th Intersci. Conf. Antimicrob. Agents Chemother., abstr
1664, 2000). The mean predicted concentrations of the quality
controls were within 10% of their nominal values, and the
between-run and within-run variabilities, expressed as the co-
efficient of variation, were within 15% for both drugs. Plasma
concentration-versus-time data were analyzed by the noncom-
partmental methods. The peak concentration (C,,,,,), the cor-
responding sampling time to C,, ., (), and the trough con-
centration (C,,;,) were obtained from direct inspection of
the plasma concentration-time profile. Without the use of a
weighting factor, the terminal log-linear phase of the plasma
concentration-time curve was identified by least-squares linear
regression of at least 3 datum points, which yielded a minimum
mean square error. The half-life of the terminal log-linear
phase was calculated as 0.693/K, where K is the absolute value
of the slope of the terminal log-linear phase. The area under
the plasma concentration-time curve from time zero to time 7
(AUC,_;), where T is the time point for the last measurable
concentration, was calculated by using the trapezoidal rule.
The area under the plasma concentration-time curve from
time zero to infinity (AUC,_,) was calculated by summing
AUC,_; and the extrapolated area, which was determined by
dividing the final plasma drug concentration by K.

Blood for detection of HIV DNA by PCR assay (Amplicor
HIV-1 test; Roche Diagnostic Systems) was obtained within
24 h after birth, at week 8, and at week 16. If the PCRs at
weeks 8 and 16 yielded discrepant results, an additional blood
sample for HIV DNA detection by PCR was obtained to de-
termine the infection status. Infants were considered HIV in-
fected if they had at least two positive PCR results after 4
weeks of age. They were considered uninfected if all PCR
results were negative. Poststudy follow-up was encouraged un-
til 18 months of age, when the HIV antibody assay was per-
formed to confirm the infection status.

Statistic analysis was done with the SPSS (version 9.0) pro-
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TABLE 1. Baseline characteristics of mothers and infants

Characteristic Value(s)
Maternal Age (YI)..oveeeeerereeerreeeerreneereuseneseseeseeaeseeneaene 25.6 £ 4.7¢
Maternal CDC? classification for HIV (no. of
subjects)
7

B 1
Duration of prenatal ZDV use, days ........cccoceeevverenne 75.5 (49.0-157.0)°
No. of ZDV doses during 1abor.........cccoeveverrenirinenne 2 (0-7)¢

Duration of membrane rupture before birth (min). 18 (0-412)°

Mode of delivery (no. of subjects)
Vaginal delivery ... 6

Cesarean delivery 2

Obstetric complication, fetal distress (no. of 1
SUDJECES ) euvvevenereirencieieieicieseeesetesesesetseeseseeseaeaenne

Infant’s gender (no. of infants)

Male 4

Female ... 4
Infant’s birth Wt (Kg) .c.ooeeverreneeeirinirceirenecreireccreeaee 33 *+0.3"
Infant’s gestational age (WK) ....ccccoveeeueenecueerenccuennencee 38.9 £ 2.0¢

“ Values are means *+ standard deviations.
» CDC, Centers for Disease Control and Prevention.
¢ Values are medians (ranges).

gram (SPSS, Chicago, Ill.). Demographic data and pharmaco-
kinetic parameters are presented as medians and ranges unless
specified otherwise. Comparisons of pharmacokinetic param-
eter estimates between days 14 and 28 were tested for statis-
tical significance by paired ¢ test or Wilcoxon’s ranked sum test.
A two-sided P value of 0.05 was considered significant for all
tests.

Twelve newborn infants were enrolled into the first two
cohorts, with six infants in each cohort, between August 1999
and July 2000. The plasma samples from all six infants in the
first cohort and from the first two infants in the second cohort
were used for pharmacokinetic analysis of d4T and ddI. The
characteristics of the mothers and the infants are presented in
Table 1. All mothers received ZDV antepartum, and all but
one received ZDV intrapartum. The intrapartum ZDV regi-
men was modified to be given orally, as described previously
(21). None of the mothers received other antiretroviral drugs
before or during pregnancy. All infants received d4T, ddI, and
NFV within 12 h after birth.

Samples for pharmacokinetic analysis retrieved on days 14
and 28 were obtained at all time points from all infants. The
median plasma concentration-time curves for d4T and ddI on
days 14 and 28 are shown in Fig. 1. The pharmacokinetic
characteristics of d4T and ddI are presented in Table 2. There
were no significant differences between the pharmacokinetic
parameters at the age of 14 days and those at the age of 28 days
for either d4T or ddI. The median C,;, of d4T at 28 days of age
was lower than that at 14 days of age, but this did not reach
statistical significance (0 versus 10.3 ng/ml [P > 0.5]). The
actual C_,;, of ddI could not be assessed because no plasma
samples were obtained at 24 h after ddI administration. Nev-
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ertheless, plasma ddI concentrations were below the limit of
detection (3 ng/ml) at 10 h after administration in five infants
each on days 14 and 28. No significant correlation between the
demographic parameters (age, birth weight, and gestational
age) and pharmacokinetic parameters was detected.

There were no study withdrawals due to adverse events. The
following adverse events were observed: diarrhea (one infant),
dry skin (two infants), delayed umbilical cord separation after
14 days of age (three infants), emesis (four infants), and ele-
vation of AST levels (seven infants). All adverse events were
mild and transient and could not be attributed solely to the
study drugs. Mild hypertriglyceridemia was noted in four in-
fants, but this resolved spontaneously in all four infants while
the infants were receiving study drugs or shortly after comple-
tion of the 4-week course of treatment with the study drugs. No
hypercholesterolemia or other manifestations of lipodystrophy
were observed. All infants had negative PCR tests for HIV
DNA at birth and at 8 and 16 weeks of age. All achieved
normal growth and neurodevelopment. They are being moni-
tored and will have an HIV antibody test at 18 months of age.

The present study shows that the pharmacokinetics of d4T
or ddI at the ages of 14 and 28 days are not different. In
conjunction with the short half-lives, these data suggest that for
both drugs the steady-state conditions are reached in infants by
day 14 of administration. Previous studies showed that the
mean AUC values for d4T after administration of a dose of 1
mg/kg twice daily in children were 1,629 to 2,509 ng - h/ml (8,
12, 13), which are comparable to the values obtained in the
present study (1,866 and 1,603 ng - h/ml). The C,,. values
obtained for d4T in the present study (463 and 507 ng/ml) are
in proximity to the C,,,, values of 510 to 1,099 ng/ml obtained
in previous studies (8, 12). Furthermore, the half-lives in the
present study (1.8 and 1.4 h) are similar to those reported in
previous studies (1.1 to 1.4 h) (8, 12, 13). Since the dose of d4T
in the present study resulted in similar drug exposures in chil-
dren receiving the recommended dose of 1 mg/kg twice daily,
a d4T dose of 1 mg/kg given twice daily may be appropriate for
infants at 14 to 28 days of age. As the kinetics of d4T were not
determined prior to 14 days of age, it is unclear if the kinetics
observed on days 14 and 28 would represent those before 14
days of age.

Evaluation of the pharmacokinetics of ddI in infants has
been very limited. Furthermore, a wide range of ddI doses have
been used, thus making cross-study comparisons difficult. Cap-
parelli et al. evaluated the pharmacokinetics of ddI in HIV-
infected infants older than 14 days of age (E. Capparelli, A.
Kovacs, R. Husson, J. Connor, and C. McLaren, Abstr. 38th
Intersci. Conf. Antimicrob. Agents Chemother., abstr. A63,
1998). The mean C,,,,, in those receiving a 50-mg/m? dose at 14
to 28 days of age was 307 ng/ml. In another study, Wang et al.
(22) demonstrated that, in infants taking ddI at 60 mg/m? twice
daily for 6 weeks, the mean C,,,, values at 1 day and 6 weeks
of age were 309 and 215 ng/ml, respectively. The C,,,, values of
ddI in our study (627 and 687 ng/ml) are comparable to those
in children (425 to 1,110 ng/ml) (1, 2), but they are approxi-
mately twice as high as the values noted in infants in the
aforementioned studies. This is probably due to the different
ddI doses used. The half-life of ddI in the present study is not
different from those observed in other studies (2, 8, 20, 22).

It should be noted that the plasma ddI concentrations at 10 h
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FIG. 1. Logarithmic plots of the median plasma concentration-time profiles of d4T and ddI in infants at 14 and 28 days of age. Each datum
point represents the plasma drug concentration at a specific time point for each infant.

after dosing were undetectable or were close to the limit of
detection in most infants and that the AUC,,_,, was in approx-
imate to the AUC,_... Hence, the AUC,_,, reported in the
present study should reasonably account for the AUC over the
dosing interval of 24 h, as ddI was given once daily. Capparelli
et al. reported that the mean AUC,_,, values were 378 and
1,394 ng - h/ml in infants at 14 to 28 days of age following the
administration of ddI doses of 25 mg/m? (n = 5 infants) and 50

mg/m? (n = 50 infants), respectively (Capparelli et al., 38th
ICAAC). The increment in AUC between the two doses is
surprising since the kinetics of ddI are basically linear across
this dose range, at least in adult subjects. In older infants (age
29 to 120 days; n = 7 infants) given a dose of 50 mg/m?, the
AUC of ddI was 638 ng - h/ml. Wang et al. (22) described mean
AUC,_,, values of 1,818 and 573 ng - h/ml at 1 day and 6 weeks
of age, respectively, following the administration of a ddI dose

TABLE 2. Pharmacokinetic parameters of d4T and ddI in newborn infants®

Drug and age

Cinax (ng/ml) Tinax (1)

(days) AUC, ;> (ng - h/ml) AUC,_., (ng - h/ml) Half-life (h)
d4T
14 463 (335-582,17.5)  2.5(1.0-2.5,40.1) 1,866 (1,286-2,420, 22.6) 1,930 (1,369-2,461, 21.9) 1.8 (1.2-2.0, 17.6)
28 507 (337-589,20.6)  2.5(1.0-2.5,32.7) 1,603 (1,107-1,986, 24.5) 1,890 (1,126-2,010, 23.2)> 1.4 (1.2-1.8, 13.5)
ddI
14 627 (168-786, 38.9) 13(0.5-2.0, 64.1) 1,573 (451-2,327,39.3) 1,595 (464-2,332, 43.8)° 1.2 (0.9-1.4, 14.8)°
28 687 (208-982, 46.3) 1.0(0.5-2.0, 634) 1,562 (776-2,270, 411" 1,856 (782-2,327, 43.6)" 1.1(0.5-1.5, 30.8)

“ The values are medians (ranges, coefficients of variation, with coefficients of variation presented as percentages).
® The value was undetermined in an infant due to insufficient datum points in the terminal elimination phase.
¢ The values were undetermined in two infants due to insufficient datum points in the terminal elimination phase.

@ For ddI, values are AUC,_(.
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of 60 mg/m?. However, the investigators refrained from mak-
ing any conclusions due to the small sample size and the ob-
served variability in the kinetics of ddI. The AUC,_,, values
observed in the present study were 1,573 and 1,562 ng - h/ml on
days 14 and 28, respectively, following administration of a
100-mg/m? dose of ddI. In children, a 90- to 100-mg/m? dose of
ddI yielded AUC,_,, values of 402 to 968 ng - h/ml (2, §, 15, 16,
20). Overall, the reported kinetics of ddI in pediatric patients
are quite variable, but a trend toward lower systemic clearance
(or higher levels of drug exposure) in infants compared to that
in older children seems apparent. This is not unexpected given
the significant renal clearance of ddI and the immature renal
physiology in infants. Whether this observation warrants dose
reduction in infants is unclear, especially in view of the small
sample size in the present study and the observed variability in
the kinetics of ddI. Integrated analyses of all available phar-
macokinetic data across pediatric studies in relevant age
groups need to be conducted to guide the dosing of ddI in
infants.

The adverse effects of the combination of d4T, ddI, and
NFV are a concern. These include pancreatitis, peripheral
neuropathy, hepatotoxicity, diarrhea, lipodystrophy, and mito-
chondrial toxicity (4). Nevertheless, no significant adverse ef-
fects were encountered in the present study. Transient mild
hypertriglyceridemia was noted; however, the serum samples
were not obtained after fasting. The long-term effects of tran-
sient hypertriglyceridemia in these infants are unknown. De-
spite no clinical peripheral neuropathy in the present study, we
realize that the assessment of the peripheral nervous system in
infants is difficult. The development of lipodystrophy and mi-
tochondrial toxicity is generally associated with prolonged ex-
posure to antiretroviral drugs. Thus, they were probably un-
likely to have developed in the present study. However, a
long-term follow-up is essential to determine these late adverse
events.

Some issues concerning the pharmacological and clinical
aspects of d4T and ddI still need to be addressed. First, mea-
surement of the levels of the intracellular active phosphory-
lated forms is certainly of interest, especially for ddI. Second,
it is unknown whether the pharmacokinetics of d4T and ddI in
premature infants or infants with low birth weights will follow
those observed in term infants or infants with normal birth
weights in the present study. Third, it is unclear if the findings
for Thai infants are generalizable to other infants of different
ethnic backgrounds. Fourth, the intersubject variability in ac-
tual drug exposure observed in the present study necessitates
more exploration of the application of individual therapeutic
drug monitoring in the pediatric setting. Fifth, we acknowledge
the small sample size in the present study; therefore, the safety
and efficacy of this regimen for the prevention of perinatal
HIV transmission cannot be properly assessed. In conclusion,
the results of the present study suggest that the systemic levels
of exposure to d4T in infants were comparable to those seen in
older pediatric populations, indicating that the d4T dose of 1
mg/kg given twice daily may be appropriate for infants at 14 to
28 days of age. The levels of exposure to ddI after administra-
tion of a dose of 100 mg/m? once daily to infants at 14 to 28
days of age were somewhat higher than those in older mem-
bers of the pediatric population. Whether this observation
warrants a reduction of the ddI dose in infants is not clear.
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